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REPORT

Broad Area Non-planar Laser Arrays
We have developed 1 -3,7,12 a new broad area laser array structure. The

maximum output power for a laser array before catastrophic optical damage
occurs is determined primarily by the effective aperture width which is normally
limited to a value less than the cavity length, unless lateral lasing and amplified

spontaneous emission processes are suppressed. In order to fabricate diodes
with a width greater than the laser cavity length, thereby allowing higher total

output powers to be obtained, it is necessary to provide some structural change
to inhibit lateral lasing. Previously reported methods of inhibiting lateral lasing

and amplified spontaneous emission require extra processing steps in addition
to the processing required to form the actual array elements, and also result in a
portion of the array width which does not contribute to the laser output. We have
obtained high-power operation of a simple non-planar index-guided quantum
well heterostructure periodic laser array structure in which lateral lasing is
prevented in a manner that sti!! allows for uniform and continuous front facet
light emission. Growth over a corrugated substrate is utilized for index-guiding

and definition of the individual elements, and the resulting non-planar active
region structure effectively suppresses lateral lasing and amplified spontaneous
emission for the entire array. No additional processing steps after growth, such
as proton bombardment, chemical etching, diffusion, epitaxial regrowth, or
insulator deposition, which may result in accelerated degradation due to the
introduction of material defects, are required.

Lasers formed by Impurity Induced Disordering
We have furthered our studies of using ion implantation to form window

lasers and distributed window lasers by impurity induced disordering (liD). As a
consequence of the critical role which the implantation mask plays in selective
lID, particular attention has been paid to developing techniques necessary to
produce a reliable, high voltage, high dose mask. One technique which we

developed 9 incorporates an AIGaAs lift-off layer between a metal mask and the
sample. Following patterning of the metal layer by conventional techniques and
implantation, the AIGaAs layer is selectively etched to remove the metal mask
without damage to the underlying epitaxial structure. Alternatively, for low dose

or low tomperature implantations, a thick photoresist mask over a thin dielectric
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(SiO2 or Si 3N4) lift-off layer may be utilized since the photoresist is able to
withstand the implantation. We have characterized 4 the compositional

disordering and compensation effects of MeV oxygen implantation. Under
specific conditions a single oxygen implantation with subsequent annealing is
able to form a semi-insulating region as well as induce compositional disorder
in AlAs-GaAs layers 1.25 I.Lm beneath the sample surface.

We have applied 8 this technology to graded barrier quantum well hetero-

structure lasers. For wider stripe lasers (w > 25 jim), the presence of current

confinement is apparent in threshold current measurement. Layer disordering
has been verified by electron microscopy. As the stripe width is decreased,
however, laser threshold currents reach a minimum and then begin to turn up.
There are at least two possible reas.-ns for this. The first is that the relatively
long oxygen tail introduces distributed optical absorption to some distance into

the active region. This would certainly become more critical as the device width
is narrowed and possibly preclude this choice of species for lID buried
heterostructure lasers. The second reason is that masking for MeV implantation

is especially critical and increases in threshold current may result from residual

implantation through the mask.

Non-planar Window Lasers
We have successfully developed 6 a new broad area as well as narrow

stripe window laser structure. A nonabsorbing window region is formed in the
vicinity of the mirror facets by utilizing a se!ectively etched substrate and the
advantageous property of uniform MOCVD growth on nonplanar substrates.
Approximately fifty percent more optical power is available from the nonplanar

devices than from conventional planar devices. Since the window region is a
consequence of the nonplanar substrate, the type of laser structure grown is not
restricted nor are sophisticated fLjrication techniques or multiple growth steps
required as in previously reported window lasers.

In collaboration with others at the University of Illinos, we have
investigated 16 the disordering characteristics of GaAs-AlAs superlattices during
ion irradiation (750 KeV Kr+ , 1016 cm -2 dose) at various temperatures. Using
Rutherford backscattering spectrometry and secondary ion mass spectrometry,
It was found that after low temperature implants (235K, 175K and 135K) the

superlattice was completely disordered whereas following high temperature
implants (300K, 400K and 550K) there is partial retention of the superlattice
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layers. These results indicate that by selecting the appropriate implantation

temperature, ion implantation may be conducted while minimizing or enhancing

compositional disorder. The results also have special significance for under-

standing the phase diagram of GaAs-AlAs superlattices at low temperatures.

These superlattices, as well as others comprised of III-V compounds, are

typically grown at temperatures where interdiffusion is negligible.

Consequently, the phase diagrams for these systems at the growth temper-

atures are not well understood since the systems are not in equilibrium. Using

ion irraciation to enhance low temperature diffusion processes, the phase

diagram can be obtained. Our results provide evidence for a miscibility gap in

the GaAs-AlAs phase diagram for temperatures at least as high as 550K.

Strained Layer InGaAs Lasers
We have addressed various issues concerning the growth and

characterization of strained layer InGaAs-GaAs heterostructure lasers by
MOCVD. The first issue 10 is the use of the metal alkyl ethyldimethylindium

(EdMIn) as a precursor for the growth of indium compounds. The more

commonly used In-alkyls have been associated with various problems such as
low vapor pressure and undesirable parasitic reactions from liquid

triethylindium (TEIn) and time varying vapor pressure from solid trimethylindium

(TMIn). EdMIn has been suggested as an alternative being a liquid and having

a reasonable vapor pressure. It has been suggested however that it is not a

stable compound and will evolve into its constituent simple alkyls. Our results

show it is useful for laser devices and is stable over time.

We have characterized 11 ,13 ,14 a series of strained layer laser devices

having a fixed separate confinement quantum we!l structure and varying In-

composition (0.08 - 0.42) in the well. We reported results of time-zero charac-

terization of strained-layer InxGal.xAs-GaAs quantum well heterostructure laser

diodes with 70-A-thick wells and indium mole fractions between 0.08 and 0.42.

The emission wavelengths ranged from 0.9 Iim to 1.08 Iim and agreed well with

calculated values. A minimum in threshold current density is observed for

devices having an indium fraction of - 0.25 in the wells, and devices with well

compositions in the range -0.16 < x <-0.30 all operated with low threshold

current densities. The data support two design criteria for low threshold

operation of strained-layer InGaAs-GaAs quantum well lasers: (1) The electrons

should be confined by at least -75 meV in the conduction band, and (2) the
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strained-layer active region thickness should not greatly exceed the critical

thickness for a sandwiched layer as given by the mechanical equilibrium model
of Matthews and Blakeslee.

In-phase Laser Arrays
We have obtained 18 high power, in-phase locked operation of a wide

aperture array in which the lateral lasing and amplified spontaneous emission
(ASE), characteristic of wide aperture arrays, are suppressed by a nonplanar

active region. Phase locked laser arrays have great potential as sources for
pumping of Nd:YAG and long distance communication as a result of the high
power available and the stabilized far-field patterns. For phased-locked arrays,
a characteristic double lobed far-field pattern is generally observed indicating
that the device is operating in the highest order array mode with a 1800 phase
shift between elements. However, by introducing sufficient gain between the
elements the device will operate in the lowest order array mode with a 0 phase

shift between elements and with a single lobed far-field. The laser device
structure utilized for this study is similar to nonplanar periodic laser arrays
reported previously. The structure is a AIGaAs-GaAs graded barrier quantum

well heterostructure with a 50 A quantum well grown by metalorganic chemical
vapor deposition (MOCVD). The first step in forming the array is wet chemical

etching cf a periodic pattern of shallow mesa stripes into the substrate (4 Pim

stripe width, 8 gm center-to-center spacing, and 0.3 p.m mesa height). Following
etching, the devices are completed by MOCVD growth of the laser structure,
and contact metalization. No further processing is required.

The MOCVD growth on a corrugated substrate forms a nonplanar active
region, which serves to define the individual emitters, to provide a step in the

effective index of refraction for stable mode operation, and to suppress lateral
lasing and ASE for high power operation. The average threshold current

density of these devices is 264 A/cm 2 and the external efficiency is 33 %. Output

power of 400 mW has been measured. The far-field pattern of the device
consists of a dominant central lobe at 00 and satellite lobes with angular

separations of 5.8-6.00. The full width at half-maximum of the central lobe is
2.20. The dominant central lobe centered at 00 indicates that the emitters are
largely operating in-phase. Fundamental supermode operation is observed

from just above threshold to more than three times threshold (400 mW). Also

over this range of currents, thL peak height ratio between the central and



N00014-88-K-2005 Final Report p. 7

satellite peaks remains constant and the peaks do not widen nor change their
angular separation. Nonplanar periodic laser arrays with deep mesas (0.6 rm)
do not operate as phase locked arrays as a consequence of a highly
nonuniform current distribution. However, shallow mesas allow a more uniform

current distribution and thus in-phase locked uperation is observed for the
shallow mesa devices.

Antiguided Phase Locked Arrays
Most work to date on semiconductor laser arrays for high power

operation has focussed on the evanescent coupling of closely spaced positive-
index waveguide elements, where the optical field is mostly confined to the
regions of the individual elements, either by gain-guiding or a real index step. In

order to achieve phase-locked operation in the fundamental in-phase
supermode, arrays of closely spaced index depressions (anti-guides) have
been studied in the AIGaAs/GaAs materials system. For these arrays, the
antiguides were formed by a two-growth process, resulting in real index steps in
the lateral direction. Oxide-defined-stripe gain-guided strained-layer InGaAs-

GaAs lasers have recently been shown 19 to be antiguided for narrow stripe
widths due to the relatively large depression in the real index caused by
injected carriers under the stripe. We have made use of this antiguiding

behavior to form 17 multiple-element oxide-defined-stripe phase-locked high
power (> 450 mW/uncoated facet) InGaAs-GaAs long wavelength (% > 0.95 l.m)

strained layer quantum well heterostructure diode arrays operating in the in-
phase fundamental array mode.
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Nonplanar index-guided quantum well heterostructure periodic laser array
C. A. Zmudzinski, M. E. Givens, R. P. Bryan, and J. J. Coleman
Department of Electrical and Computer Engineering and .VSF Engineering Research Center for
Compound Semiconductor Microelectronics. University of Illinois at Urbana-Champaign. 1406
West Green Street. Urbana. Illinois 61801

(Received 14 March 1988; accepted for publication I June 1988)

Data are piebentea on nonplanar index-guided quantum well heterostructure periodic laser
arrays grown by metalorganic chemical vapor deposition (MOCVD). The nonplanar array
structure, formed by a single MOCVD growth over a selectively etched corrugated substrate.
not only provides i,:dex guiding for the individual array elements, but also suppresses lateral
lasing and amplified spontaneous emission for the entire array. As a result, the entire width of
the device is utilized for optical emission, and no additional processing steps are required.
Devices tested exhibit uniform emission and show no signs of lateral lasing or amplified
spontaneous emission for array widths up to 3.3 times the cavity length. The processing
required for device fabrication is therefore minimized by taking advantage of the properties of
MOCVD growth over nonplanar substrates.

Multiple stripe laser arrays have proven to be a most may result in accelerated degradation due to the introduc-
promising source of high-power emission from semiconduc- tion of material defects, are required. Data are presented on
tor materials which are suitable for such applications as the light-current characteristics for both front facet emission
pumping solid-state neodymium: yttrium aluminum garnet and side emission from devices having a total laser width
lasers.' The maximum total optical power obtainable from a exceeding the cavity length. These data show clearly the sup-
semiconductor laser or laser array is generally limited' by pression of lateral lasing in these structures.
catastrophic optical degradation (COD) of the laser facets GaAs:Si wafers (100) were prepared for epitaxial
which occurs at a given facet output power density. Increas- growth by photolithographically delineating a periodic ar-
ing the effective width of the emitting facet by distributing ray of narrow ( =4.0 um) stripes with 8.0 pm center-to-
the laser emission over a number of elements in an array center spacings across the entire substrate surface. Wet
decreases the power density, thereby raising the total output chemical etching of the exposed surfaces in a 1:8:80
power at COD. In most laser structures, the aperture width H:SO 4:HO:H.O solution to the appropriate depth ( =0.5
can only be increased to a value on the order of the cavity pm) left the substrate patterned with a periodic array of
length t =400,pm), at which point lateral lasing and ampli- narrow mesas and grooves. Stripes were aligned parallel to
fled spontaneous emission mechanisms become large with the (1 10) direction such that the inclined sidewalls of the
respect to the desired front facet emission. Lateral lasing and mesas consisted primarily of exposed ( Ill )A planes. Fol-
amplified spontaneous emission can be inhibited by isolating lowing etching, the substrates were cleaned in solvents and
suitably narrow active regions of the array either by defining HCI prior to deposition of the laser structure. Epitaxial
unpumped absorbing regions3 or by etching deep grooves growth was performed at a temperature of 800 "C and a
through the laser structure4S, at periodic intervals. However, growth rate of =3.0 um/h in an atmospheric-pressure
these solutions result in a fraction of the array width not MOCVD reactor described previously.' The basic structure
being utilized for optical output and require additional pro- utilized in this study was an Al, Ga, - As/GaAs graded
cessing steps. barrier quantum well heterostructure (GBQWH) laser9" '

In this letter, we report the growth and fabrication of a which consists of a 0.25 pm GaAs buffer layer
simple nonplanar index-guided quantum well heterostruc- (n = I X 10IX), a 0.51im linearly graded AI, Ga, , As buff-
ture periodic laser array structure in which lateral lasing is er layer (0.04x<,0.85, n = I X 10"i), a 1.0 pm
prevented in a manner that still allows for uniform and con- Alog 5 Ga 15 As confining layer (n = I ×10"'), a 1200 k
tinuous front facet light emission. Growth over a periodical- parabolically graded AI, Ga, - As layer (0.85; x>0.20,
ly p-tterned substrate'' is utilized to provide an index-guid- n = 5 x 10"), a 50 A GaAs single quantum well (undoped),
ed ,tructure and to define the individual elements of the a 1200 A parabolically graded AI,Ga_ ,As layer
array. In addition, the resulting nonplanar structure of the (0.20,c, x,0.85, p = I X 10i7), a 1.0pum Al.I, 8 Gao I, As con-
array itself serves to inhibit lateral lasing, in contrast to pre- fining layer (p = 2X, 10 "

), and a 0.2/am GaAs contact layer
viously utilized methods which require additional fabrica- (p = 3< 10"i) Growth rates perpendicular to the (100)
tion steps. Thearray is formed simply by etching a corrugat- and (III) I planes are approximately equal such that
ed stripe pattern into the substrate surface, growth of the successive ,pilayers were deposited uniformly over the non-
laser structure by metalorganic chemical vapor deposition planar growth surface. These nearly equal growth rates re-
( MOCVD). and contact metallization. No further process- suited in an effective widening of the stripe geometry mesas
ing steps, such as proton bombardment, chemical etching, and narrowing of the adjacent grooves as the total epitaxial
diffusion. epitaxial regrowth, or insulator deposition, which layer thickness increased, although the corrugated contour

350 AOnI Phvs Lett 53 (5), AtjquSt 1988 0003-6951/88/310350-03$01 00 c 1988 American Institute of Physics 350



of the growth surface remained essentially unchanged. The
structure is illustrated in Fig. 1, which shows a schematic
cross section and a scanning electron micrograph of a por-
tion of the laser array. The growth illustrated in Fig. I can be
contrasted with growth by molecular beam epitaxy (MBE)
over similarly patterned substrates, which is highly preferen-
tial along particular growth planes and can result in over-
grown epilayer contours which differ significantly from the
profile of the original growth surface.' t Device wafers were
mechanically thinned and polished to = 125 #m, a Ge/Au
contact was evaporated and alloyed on the n side, and a non- 35-45 m

alloyed Ti/Pt/Au contact was evaporated on the p side. The
samples were then cleaved into bars of various lengths which FIG 2 Photograph of the video image of a large portion of an array fabri-cated by growth over a corrugated etched substrate Note that the emission
were diced into individual diode arrays of variou widths. is extremely uniform across the width of the array and that the entire facet
The facets of the devices utilized in this study were left un- contributes to the optical output.
coated. No further processing or photolithographical steps
were required to either define current injection or to prohibit operation with a wide full width at half-maximum angle of
amplified spontaneous emission or lateral lasing action. De- 180, indicating that the elements are not phase locked. The
vices were tested under pulsed conditions ( 1.5 us pulse light output power versus current curve of Fig. 3 shows the
width/2.0 kHz repetition rate) up to an injected current of output from both an uncoated facet and a sawn edge of a
2.0 A. Light output rower versus current curves were gener- typical laser array with a cavity length o" 508/zm aid a width
ated in order to determine Jh and differential quantum effi- of 700ttm. The threshold current density was 150 A/cm2 for
ciencies. Single-ended output powers were measured using a this cavity length, with a differential quantum efficiency of
calibrated silicon photodiode. The light output from the 20% per uncoated facet. These results are comparable to 150
sawn edges was also measured for comparison. um broad-area lasers having the same structure but grown

Figure 2 shows a photograph of the video image of a on planar substrates. There was no observed decrease in effi-
section of an array illustrating laser emission across a large ciency or increase in threshold current density as the width
portion of the facet. Note that the light output is extremely was varied from 0.5 X I to 3.3 x 1, where I is the cavity length.
uniform across the array of emitters which are spaced by 8.0 The measured light intensity from the cleaved front facets at
,um center to center. High-resolution near-field images indi- 2.0 A was typically about 15 times the intensity of light from
cate that each spot of Fig. 2 is actually two spots originating the sawn edges, independent of device width. In addition,
from individual emitters. The individual emission spots are measured side emission spectra possessed a modal structure
located at both edges of each mesa at the transitions from identical to that of the front facet emission spectra. indicat-
(100) to ( 111 )A planar structure and are spaced by 1.5 tm. ing that the detected side emission was primarily stimulated
Far-field patterns in the junction plane show single-lobed emission from the front facet which had been scattered into

k GaAs o* Corrugated Substrate
AIGaAs p Perodic Laser Array

GBQWH = 508 pm w= 700 im

AIGaAs n 400 front

-hamGaAs ,

C

c, 200

Current fA

-- 5 "m
FIG 3. Light output power vs current characteristics from an uncoated

FIG. I Schematic diagram and scanning electron micrograph of the pert- front facet and a sawn edge from a periodic array with a width of 700 /lm
odic nonplanar laser array grown by MOCVD on a corrugated etched sub- and a cavity length of 508 ,m. The output power from the front facet is
strate. The micrograph illustrates that the epilayers inherit the contours 4f more than 15 times the output power from the ,ide even though the device
the etched substrate, resulting in a nonplanar active layer profile which ef- width exceeds the device length, indicating the effective suppression of lat-
fectively suppressr- lateral lasing and amplified spontaneous emission eral lasing and amplified spontaneous emission.
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the detector as a result of our experimental setup. Therefore, L. M. Miller and T. K. higman for helpful discussions and
the ratio of front facet emission intensity to side emission technical support. This work was supported in part by the
witensity is actually greater than that indicated by the L-i National Science Foundation Engineering Research Center
curve of Fig. 3. These data clearly indicate that this simple for Compound Semiconductor Microelectronics (CDR 82-
array structure effectively suppresses amplified spontaneous 22666), the McDonnell Douglas Corporation. (te Naval
emission and lateral lasing. Research Laboratory (N00014-88-K-2005). and SDIO/

In summary, simple nonplanar index guided quantum IST (DAAL03-87-K-0013).
well heterostructure periodic laser array structures grown
by MOCVD on corrugated etched substrates have been fab- 'D L. Sipes, Appl. Phys. Lett 47. 74 ( 1985).
ricated and tested. These devices show no signs of lateral 'C. H. Henry. P M. Petroff. R A. Logan. and F R. Merritt, J. Appl. Phys.

lasing or amplified spontaneous emission at array widths up 50, 3721 197Q)
to 3.3 times the cavity length. Discrimination against lateral 'G. L. Harnagel. P .. Cross. D R. Scifres. and D. P. Worland, Electron.

Lett. 22, 231 ( 1')86)lasing is provided solely by the nonplanar structure of the 'G. L. Harnag-l. P S. Cross. C. R Lennon, M, DeVito. and D. R. Scifres,

active region, which is realized by epitaxial growth on a se- Electron. Lett 23. 743 ( 1987)

lectively etched substrate patterned with a periodic array of 'G. L. Harnagel. P S. Cross. D. R Scifres. D. F. Welch, C. R. Lennon. D.
mesa stripes. No additional processing steps, which may P. Worland. and R D Burnham. Appl. Phys. Lett. 49, 1418 (1986).

sJ. S. Smith. P L. Derry. S. Margalit, and A. Yanv, Appl. Phys. Lett. 47,

contribute to accelerated degradation, are required to inhibit 712 (1985).

lateral lasing and amplified spontaneous emission. These de- R. D. Dupuis and P. D. Dapkus. Appl. Phys. Lett. 33, 724 (1978).

vices show promise for use in high-power applications where 'G. Costrini and J. J. Coleman, J. Appl. Phys. 57, 2249 (1985)

minimal processing is desirable. 'W T. Tsang, Appl. Phys. Lett. 39, 134 (1981).
"'L. J. Mawst, M. E. Givens, C. A. Zmudzinski, M. A. Emanuel. and J. J

The authors would like to gratefully acknowledge T. L. Coleman, IEEE J. Quantum Electron. QE-23, 696 (1987).
Brock for assistance with mask design and fabrication, and "W. T. Tsang and A. Y. Cho. Appl. Phys. Lett. 30, 293 (1977).
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High-power phase-locked InGaAs strained-layer quantum well
heterostructure periodic laser array

J. N. Baillargeon, P. K. York, C. A. Zmudzinski, G. E. Fernandez, K. J. Beernink, and
J J. Coleman
NSF Engineering Research Centerfor Compound Semiconductor Microelectronics and Materials Research
Laboratory. University of Illinois at Urbana-Champaign. 1406 West Green Street. Urbana. Illinois 61801

(Received 6 April 1988; accepted for publication 1 June 1988)

Data are presented on high-power strained-layer InGaAs quantum well heterostructure laser
arrays. These devices are periodic nonplanar arrays, formed by a single metalorganic chemical
vapor deposition growth over a selectively etched corrugated GaAs substrate. The corrugation
serves to provide both stripe definition and index guiding while suppressing lateral lasing
perpendicular to the stripes. Maximum pulsed optical powers of 2.5 W/facet (width = 1600
pum, length = 440/pm) for an emission wavelength of 1.03 pm have been obtained from
uncoated devices having threshold current densities in the range 290-600 A/cm2 . Far-field
radiation patterns indicate that the arrays are phase locked.

Strained-layer InG-As quantum well heterostructure sition (MOCVD) reactor using trimethylgallium,
laser diodes' show promise as an alternative to lattice- trimethylaluminum, trimethylindium, and arsine. The laser
matched long-wavelength material structures. Multiple- structure consists of a 0.25-pam-thick GaAs buffer layer
stripe laser diode arrays, as high-power devices, have been (n = I x 10x), 1.25-pm-thick AlGa, - As confining lay-
shown to be practical for optically pumping solid-state ers (x = 0.20, n = lx 10',p= I x 10X), thequantum well
Nd:YAG lasers.' The maximum output power of these heterostructureactive region described below, and a0.2-p.m-
structures, however, is limited by catastrophic optical degra- thick GaAs cap layer (p = 5 x 10 "). The quantum well het-
dation (COD) of the laser facets.' An effective way to in- erostructure active region is shown schematically in Fig.
crease the maximum output power at COD is to increase the 1(a) and consists of a single 120-A,-thick Ino2, Ga,. 5 As
effective width of the laser facets by distributing the laser strained-layer quantum well centered between 1000-A,-thick
emission over many elements in a large-width array. The GaAs layers. The thickness of the quantum well was adjust-
suppression of lateral lasing, which is a problem for struc- ed to be less than the critical thickness"3 for this composi-
tures having widths greater than the cavity length, can be tion. The emission wavelengths for these devices are A - 1.03
achieved by defining absorptive regions' or by etching pm. The growth rates perpendicular to the (100 and the
grooves between lasing stripes."' This letter describes the (11) directions, determined from scanning electron micro-
fabrication and operation of a low-threshold high-power scope measurements, are not equal, with the growth being
nonplanar index-guided InGaAs strained-layer quantum greater on the ( 111 ) planes. This results in the final struc-
well heterostructure periodic laser array operating at a ture, shown drawn to scale in Fig. 1 (b), with the mesa of the
wavelength greater than 1 um. This structure " was real-
ized by a one-step metalorganic chemical vapor deposition
(MOCVD) growth over a corrugated GaAs substrate. The
corrugation etched in the GaAs substrate results in a non- -- 500 A AI0 20Gao 80As
planar active region which provides index guiding and sup-
presses lateral lasing in devices having a width greater than GaAs
the cavity length. Other than the formation of ohmic con-
tacts to the array, no further processing, such as oxide mask-
ing, is required. Data are presented on the light emission In0.2.Ga. 7 5 AS 120 A

characteristics as well as near- and far-field intensity pat- (a)
terns. Pulsed optical powers of 2.5 W/facet (width = 1600
pm, length = 440,pm) for an emission wavelength of 1.03
pm have been obtained from uncoated devices having
threshold current densities of less than 300 A/cm . Far-field
radiation patterns indicate the arrays are phase locked. -------

GaAs:n (silicon doped) wafers (100) were patterned by 2 m
conventional photolithography with a periodic array of 4
pm stripes aligned along the ( 110) direction and having a (b)
center-to-center spacing of 8 pn. Wet chemical etching FIG I Scale schematic diagrams of (a) the InGaAs strained-layer quan-
(H,SO:H,O H.O) yielded etched grooves approximately0h T 2 i turn well heterostructure active region and (b) the cross section of the pen-
0.5 u.m in depth. The epitaxial layers were grown' in an odic nonplanar laser array grown by MOCVD on a corrugated etched
atmospheric-pressure metalorganic chemical vapor depo- GaAs substrate.
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active region being -5 im in width. After growth, the wa- InGaAs Corrugated Substrate
fers were mechanically thinned and polished to a thickness Periodic Laser Array

of 125 pm and n-type contacts were formed by evaporating I = 457 fim w = 590 ulrn

250 A& Ge/2000 A Au on the bottom surface and alloying at a
temperature of 400 °C for 15 s. Nonalloyed p-type contacts C
of 300 A Ti/500 A Pt/2000 A Au were formed on the top _

surface. No further processing such as oxide defined stripes C

of facet coatings was implemented. The wafers were then
cleaved into bars of various lengths and widths and wire E

bonded. Pulsed near- and far-field characteristics were mea- CD

sured using 1.5/as pulses at a 2 kHz repetition rate. Single- i
ended optical output powers were measured with both cali- cc
brated silicon and germanium photodiodes using a 400 ns Near Field: 1.25Xlth 2.17 jim/div
pulse width and I kHz repetition rate.

Threshold current densities for these broad-area
InGaAs strained-layer quantum well heterostructure peri-
odic laser arrays ranged between 290 and 600 A/cm2 , de-
pending on the length of the laser cavity. Shown in Fig. 2 is
the light-current characteristic for a typical uncoated laser a
array having a cavity length of 440/am and a width of 1600 E

,um and a threshold density of 560 A/cm2. The maximum .
output power observed from a measurement source limited . .
to 40 A was 2.5 W per uncoated facet. Side emission mea- C:
sured for these structures consisted primarily of scattered Far Field: 1 42xlh 2.47 deg/div
stimulated emission from the front facet. There is no evi-
dence of significant lateral lasing or amplified spontaneous F[G. 3 Near-field intensity pattern for two adjacent elements and the far-

emission. field radiation pattern for an lnGaes straiined-layer quantum well hetero-
structure periodic laser array. Note the two main lobes (full width at half-Shown in Fig. 3 are near- and far-field emission patterns maximum 1.5) and the two satellite lobes, each separated by 7 1W'.

for an array having a cavity length of 457/am and a width of
590,am (J,, = 519 A/cm2). Each of the lobes in the near- having stronger lateral index guiding which show'' a dou-
field emission pattern corresponds to single-lobed emission ble-lobed near-field pattern at each mesa and are not phase
from a single array element, and emission from adjacent ele- locked. These near-field emission patterns are stable up to at
ments appears to be coupled. This is in contrast to similar least three times threshold. The far-field radiation pattern of
Ales Gao ,As-GaAs broad-area graded barrier quantum Fig. 3 shows the presence of two main lobes (each having a
well heterostructure periodic laser arrays (A = 0.82 um) full width at half-maximum of 1.5') as well as two satellite

lobes. Each lobe is separated from adjacent lobes by 7.16, in
InGaAs Corrugated Substrate good agreement with 0 = 2 sin '(A /2d) = 7.38* predicted
Periodic Laser Array by diffraction theory, ' where d is the separation between

= 440 fim w = 1600 im array elements. These far-field patterns clearly indicate that

the array elements are phase locked near the 180 out-of-
2 phase mode across the entire array.

In summary, we have fabricated and tested the first
high-power phase-locked In, _Ga, As (x = 0.75) index-

o guided strained-layer quantum well heterostructure period-0-
ic laser arrays grown by MOCVD. Operating with an emis-
sion wavelength of 1.03 am, the devices have an observed

0 1 maximum pulsed power output of 2.5 W per facet and show
strong suppression of lateral lasing provided by the non-
planar structure of the device. Far-field data indicate phase-

locked operation of the array, while near-field measure-
ments show coupling between adjacent elements and stable

0 mode operation up to three times threshold.

0 20 40 The authors would like to gratefully acknrwledge T. L.
Current (A) Brock and M. E. Givens for helpful discussions and techni-

cal support. This work was supported in part by the National
FIG 2. Light-current characteristic from one facet of an InGaAs strained- Science Foundation (DMR 83-16981 and CDR 85- 22666).
layer quantum well heterostructure periodic laser array having a width of the McDonnell Douglas Corporation, the Naval Research
I1600 iam and a cavty length of 440om The current source limited maxi-
mum output power observed fo, these laser arrays is 2 5 W per uncoated Laboratory (N00014-88-K-2005), and SDIO/IST
f'acet. (DAAL03-87-K-0013).
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High-power nonplanar quantum well heterostructure periodic laser arrays
M. E. Givens, C. A. Zmudzinski, R. P. Bryan, and J. J. Coleman
Department of Electrical and Computer Engineering and .VSF Engineering Research Cn terfir
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Green Street. Urbana. Illinois 61801

(Received 3 June 1988; accepted for publication IS July 1988)

Optical pulsed powers of 8 W from a single uncoated facet and low ( < 200 A/cm2 ) threshold
current densities have been obtained from 3. I-mm-wide (cavity length = 483 /tim) nonplanar
periodic quantum well heterostructure laser diode arrays grown by metalorganic chemical
vapor deposition over a selectively etched corrugated substrate. The resulting nonplanar lateral
active layer profile provides index guiding and suppresses lateral lasing regardless (if device
width.

Multiple stripe semiconductor laser diode arrays are a 800'C. High composition (x = 0.85) AI, Ga , As confin-
very promising source of high-power emission, suitable for ing layers surround the GBQWH active layer. which con-
such applications as pumping solid-state Nd:YAG lasers.' sists ofa 50 A GaAs single quantum well (, -8250 A) cen-
The maximum output power before catastrophic optical tered in a 2450 A parabolically graded AI,Ga, ,As layer
damage, occurs is determioed primarily by the effective ap- (0.20,x:..0.85). Successive epilayers were deposited uni-
erture width, which is normally limited to a value less than formly over the nonplanar growth surface such that the cor-
the cavity length unless lateral lasing and amplified sponta- rugated contour of the growth surface remained essentially
neous emission processes are suppressed. In order to fabri- unchanged. as illustrated in Fig. 1. which shows a schematic
cate diodes having a width greater than the laser cavity cross section and a scanning electron micrograph of a por-
length, thereby allowing higher total output powers to be tion of the laser array. Device wafers were mechanically
obtained, it is necessary to provide some type of structural thinned and polished, metallized, cleaved into bars of var-
change to inhibit lateral lasing. Previously reported meth- ious lengths. and diced into individual diode arrays of var-
ods of inhibiting lateral lasing and amplified spontaneous ious widths. The facets of the devices utilized in this study
emission require extra processing steps in addition to the were left uncoated. No further processing or photolithogra-
processing required to form the actual array elements, and phic steps were required either to define current injection or
also result in a portion of the array width which does not to suppress lateral lasing. The devices were mounted p side
contribute to the laser output. In this letter, we report high- down in indium solder on Cu blocks with multiple wire
power operation of a simple nonplanar index-guided quan- bonds to contact the ,i side of the device and were tested
tum well heterostructure periodic laser array structure in under pulsed operation (400 ns. I kHz).
which lateral lasing is prevented in a manner that still allows
for uniform and continuous front facet light emission.
Growth over a corrugated substrate' is utilized for index
guiding and definition of the individual elements, and the A.oA,<

resulting nonplanar active region structure effectively sup- 3 C 1 %,cI.I
presses lateral lasing and amplified spontaneous emission for
the entire array. No additional processing steps after
growth. such as proton bombardment. chemical etching, dif- 3aAs
fusion. epitaxial regrowth. or insulator deposition. which
may result in accelerated degradation due to the introduc-
tion of material defects. are required. Data are presented on
the high-power light-current characteristics and optical
near-field measurements for uncoated laser bars with an ap-
erture width of up to 3.1 mm, showing output powers of 8 W
per uncoated facet !or periodic laser arrays with threshold
current densities oif 120-240 A/cm

Prior to epitaxial growth, a periodic array of narrow
inesa stripes was defined over the surface ofa 1100) GaAs:i
i Si-doped) uhstratc using standard photolithographic and -'.

wet chemical etching techniques. The AlGa, ,As/GaAs
graded harrier quantum well heterostructure FIG I Schematic diagran ,and ,cannin elcctronm tcrovraph oI the peri-

(GI3QWH )" " laser structure utilized in this study was odic nonplanar laer arra grow n h i()('VD on a corruated etched tu.-
- nit flu' rhe M( )CVi) gro o vh oer the flo llan " r uihlr l rewi inl .1 iofl-grown in an atmospheric pressure metalorganic chemical plnar aicme region hiLch -UpprewN liatral la.ng.los o.ng cr, 'Tdc

vapor deposition ( MOCVD ) reactor' at a temperature of iacr har,
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Figure 2 shows the near-field optical intensity pattern 600C
Corrugated Substrate

from two adjacent elements of a high-power GBQWH peri- 500 Periodic Laser Array

odic laser array at twice threshold. Note that two lasirg a 508 urn

spots, spaced by 1.5 ,m. are located in each mesa, one near = 330 urn

each edge. No lasing action occurs in the grooves. The ob- z 300

served near-field pattern is uniformly distributed over the -0 0P

entire array width and is stable over a wide range of drive 200 ,
currents, retaining its shape from threshold to at least lb 100
times threshold. Other devices, with wider mesas than the 01
device of Fig. 2 but having the same periodicity, also exhibit 0 400 800 1200 1600 2000

two spots in each mesa, spaced accordingly farther apart. Width (urn)

The GBQWH periodic laser array structure is essentially a
periodic variation of the channel guide structure' which has FIG 3. Measured threshold current densit, as a Cunction of de'ice width

12 A [or lasers oltwo different cavt, lengths 1330 and 508 zrm) The threshold
been modeled by Yang et al. comparison of the expert- current densit, does not increase with desice width, indicating the non-
mental data with the model 2 suggests that two index-guided planar uctive region efrectici, suppresses lateral lasing and amplified ,pon-
waeguides are formed in each mesa, one at each edge, each taneous emission.
lasing on the fundamental mode. This is likely since a single-
peak fundamental mode of the waveguide structure is never
observed, even though that mode is expected to have the sity for a conventional laser would be expected to increase as
lowest threshold gain. 2 The corresponding far-field pattern the width approaches the length as the lateral modes become
in the plane of the junction is single lobed, with a relatively dominant. However, the nonplanar structure of the active
wide full width half-maximum angle of 18. indicating that, layer of the periodic arrays described here effectively spoils
while it is possible that the individual emitter pairs are phase the lateral cavity by introducing periodic disruption along
locked with each other, adjacent pairs spaced by S jim are the lateral path length between the sawn sides of the laser.
not phase locked. Thus, the threshold current density does not change with

For a given cavity length, the threshold current density device width, even if the width exceeds the length by a factor
is essentially independent of device width, as illustrated bv of more than 6, as shown by the data of Fig. 4. This figure

the curves of Fig. 3 which show the measured threshold cur- shows the light output from an uncoated facet as a function
rent density for lasers oftwo different lengths as a function of of current for a diode with a width equal to 6.4 times the
,itripe width. The threshold current density ranges from 120 length (I = 483 /im. w = 3100 ,tm). The threshold current
to 240 A/crn. depending on the cavity length. As expected. density is 170 A/cm. in the expectcd range of threshold
the lasers with a shorter cavity length have a higher thresh- current density fr, devices with this length (483 pm ). The
old current density, as a result of the increased mirror !o:,s maximum observed power (Fig. 4) of 8 W per facet for wide
for shorter lasers. Conventional e-ni,cOrzductor lasers will devices is limited by the maximum output of our current
not operate whcn the width exceeds the cavity length. since pulser (40 A) and not by device degradation. The differen-
lateral cavity modes would compete with the desired longi- tial quantum efficiency was not observed to decrease as de-

tudinal cavity modes. In addition, the threshold current den- vice width increases, indicating again that this structure in-
hibits lateral lasing and amplified spontaneous emission. In
principle, output powers in excess of 100 V per facet could

Corrugated Substrate
Periodic Laser Array
Near Field at 2Xlth
Near0m Field at tCorrugated Substrate
= 38 ..m w =460 m 10 Periodic Laser Array

J=483um w=3100t.m

C _

V)

E 5
LU /

-H 4 .m 0 I1 _
0 20 '10

Current .Ai

i-i 6 Ne.ir-ield inicis[i. pattern l iiTWO ,idfaent eclents ,i the noi-
piimr ,irra , IlIiliAtng two closei% paced mtrlss(itt ,pot per 'lemn' t FI(G 4 1ight urrcrti 'harictermsic irom .in inc,,itfd li, ,i . I mrn
[he,.c data .su c'gest that two ,,avezuldes are foirmed on eat h mesa. One icar periodic i rroa i ca, it' length - 45 I i the miiiptii po,,wer it the cat a-
ca, ih Ce. .ittd each c ' utde operates in the ftndamenttal mode sir pict. optical ietmi'g iton lim is Crtilr tha , \W ptr i, _'
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be expected from an optimized device, having reflection and Brock for assistance with mask design and fabrication and L.
antireflection coatings, at currents in excess of 100 A.' The M. Miller and T. King Higman for helpful discussions and
low threshold current density of these GBQWH periodic technical support. This work was supported in part by the
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the values reported4' for multiple quantum well structures Donnell Douglas Corporation, the Naval Research Labora-
which utilized etched grooves to suppress amplified sponta- tory (N00014-88-K-2005), and SDIO/IST (DAAL 03-87-
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Compositional Disordering and the Formation of
Semi-insulating Layers in AlAs-GaAs Superlattices
by MeV Oxygen Implantation

R. P. BRYAN, M. E. GIVENS, J. L. KLATT, R. S. AVERBACK and J. J. COLEMAN

Materials Research Laboratory
University of Illinois at Urbana-Champaign
1406 W. Green St., Urbana, IL 61801-2991

Data are presented demonstrating the use of MeV oxygen ion implantation and sub-
sequent annealing procedures to induce compositional disordering and to create a semi-
insulating region simultaneously within an AlAs-GaAs superlattice. High dose oxygen
implantation yields a compositionally disordered region 3500A wide centered 1.25 4m
below the surface of the superlattice, as determined by secondary ion mass spectrometry
(SIMS) analysis. More extensive disordering of the superlattice occurs at lower implan-
tation temperatures. Current-voltage measurements indicate the formation of a semi-
insulating layer which is thermally stable to at least 850 ° C. The semi-insulating prop-
erties of the implanted superlattice are assigned to the disorder-enhanced formation of
Al-O pairs and the substitutional introduction of deep level states.

Key words: Compositional disordering, oxygen ion implantation, semi-insulating layer,
AlAs-GaAs superlattice

INTRODUCTION as laser diodes, field effect transistors, heterostruc-
ture bipolar transistors, and optical waveguides. 21' -

Impurity induced compositional disordering of Tfl- In this paper, MeV implantation of oxygen into
V compound semiconductor epitaxial structures ex- an AlAs-GaAs SL is shown to result in induced
hibits immense potential for the microfabrication of compositional disordering and the formation of a
unique optical and electronic devices.' - 3 Composi- semi-insulating layer at a depth of -1.25 m. The
tional disordering of thin layer AlAs-GaAs super- degree of induced disorder was examined for sev-
lattices (SLsi has most commonly been induced with , 0 m and 10' =

the electrically active impurities Zn and Si which cm- ) and for two different implant temperatures
are introduced into the crystal by either diffusion cmoomandforrtwordfferent0mplantIteperature
or ion implantation. For many applications, how- shown .2 --- that by increasing the temperature at
ever, the incorporation of electrically active impur- which the implantation occurs, the doping effi-
ities may be undesirable and recent reports indicate
that compositional disordering can be induced ciency increases and the net damage generated de-
through implantation of the lattice constituents Ga. creases. Therefore the amount of damage produced

Al, and As,' - ' or other electiicallv inactive impur- during the implantation may be varied to an extent

ities, such as Kr. B, and F." iu independently of the dose. The compositional struc-
ture of the SL was studied by secondary ion mass

Ion implantation has also been utilized in the for- spectroscopy (SIMS) for the as-grown, implanted. and
mation of semi-insulating regions in bulk epitaxial annealed cases. Depth profiles indicate no detect-
layers suitable for optoelectronic device applica- able compositional disordering for doses below 10"
tions. 4 Proton bombardment, the most widely ap- cm - 2. For a dose of 10 7 cm -2 , partial disordering is
plied technique, relies on the formation of a high evident prior to annealing for both the room tem-
density of defects during the implantation to induce perature and 2500 C implanted samples, although it
localized compensation of GaAs resulting in a re- is more extensive in the room temperature im-
gion of nonconducting material. However, high planted sample. Following annealing, the room
temperature annealing serves to repair this damage temperature implanted sample exhibits enhanced
and, therefore, restore the GaAs to its uncompen- disordering resulting in complete intermixing of
sated conducting state. Alternately, Favennec et al."s  djacen rerrng of inteAmIn ohav deonsratd tat mplntaionof"hig does adjacent lavers over a range of" -3500A. In con-
have demonstrated that implantation of high dosessample
of oxygen into n-type GaAs yields highly resistive pros n fthe 250'rde I.
material which is thermally stable at anneal tem- produces no further disordering.
peratures up to 900' C. Several mechamsms'l-' have The electrical properties of the semi-insulating
been proposed to explain the compensation effects region Formed during the implant were inferred from
in oxygen implanted GaAs, without concensus. current-voltage measurements of mesa delineated
Nonetheless. oxygen implantation has been used in p-n diodes fabricated in the AlAs-GaAs SL. Follow-

ing implantation (10'" cm-- oxygen dose. unan-the fabrication of such electrical and optical devices nealed). substantial increases in both the forward
turn-on and reverse break-down voltages of the

'Received ,Julv 11. 1988 revised September 25. 1988, diodes are observed. The insulating characteristics
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of the implanted samples are slightly enhanced fol- AlAs-GaAs SL
lowing annealing. These data indicate the forma- unimplanted
tion of both a thermally stable semi-insulating layer
and a compositionally disordered region formed in aluminum, as-grown
an AlAs-GaAs SL by high energy oxygen ion im-
plantation and annealing.

EXPERIMENT

The superlattice structure examined in this study
was grown by atmospheric pressure metalorganic

28 > f aluminum, anaechemical vapor deposition- (TMOCVD) at a temper-
ature of 800' C on Si-doped (100) GaAs substrates
having a carrier concentration of 2 x 101" cm -. The a:
structure consisted of a 0.25 Am GaAs undoped buffer
layer underlying an 50 period undoped SL, each pe-
riod consisting of 200A AlAs and 200A GaAs yield-
ing a total SL thickness of 2 jim. As a consequence 5000 10000 15000 20000
of the high growth temperature, the average back-

ground p-type carrier concentration of the super- ... ...
lattice was approximately 1018 cm - 3. Ion implan- Fig. 1 - 'Al depth profiles by SIMS of an unimplanted, as-arown
tation was performed using a Van de Graaff and then annealed 1850 ° C, 45 mini AlAs .200Ai-GaAs i200A)
accelerator at a fixed beam energy (1 MeV), current SL.

(120 nA), and sample chamber pressure (6 x 10 - 2

Tort) with the beam focused into a 3 mm diameter ing of the SL layers for these doses Similar 27A1

spot. The dose was varied between 10's and 10" cm- 2  profiles are obtained when the superlattices were

The large amount of radiation damage for these high implanted with the same doses at a temperature of

doses prevents any significant channeling29 of the 2500 C.

oxygen ions. During implantation, the samples were For the highest dose studied (10'_ cm -2, the "Al

maintained at either room temperature or 2500 C. profiles of the SL exhibit clear evidence of compo-

Capless anneals of the implanted samples were per- sitional disordering, even prior to annealing, for both

formed in the MOCVD reactor under arsine over- the room temperature and 250' C implants, as shown

pressure at 8500 C for 45 min. The depth profiles of in Figs. 2 and 3. The decrease seen in the 2-Al sig-
160 and '-A- were measured with a Cameca ims-3f
SIMS microanalyzer using Cs- primary ions. The
compositional structure of the SL was examined by AlAs-GaAs SL

measuring the Al profile, as opposed to that of Ga, oxygen implanted, 300C
because the negative ion sensitivity 3 of the svstem 1 MeV, 1017 cm- 2

is greater for '2Al than for "9Ga. P-type contacts (Cr/ not annealed
Aui were made to the surface of the SL and alloyed
n-type contacts (AuGe) were made to the substrate. oxygen
Electrical measurements of etched circular mesas
with 200 Am diameter contact areas were made us-
ing a digitizing semiconductor parameter analyzer
(HP4145B). Z
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The SIMS profiles of 7AI in the unimplanted SL cr:
sample. for both as-g-rown and annealed 850' C, 45
mini material, are shown in Fig. 1. The amplitude
of the oscillations of the Al signal do not decrease
with depth. indicating that resolution sufficient to 5000 10000 15000 20000
delineate clearly the 200A layers is maintained Depth(A)
throughout the 2 um of the SL- Consistent with
previous results."1 the 850' C anneal was insuffi- Fig. 2 - O and '"Al depth profiles by SIMS for an unannealed -

cient to induce thermal disordering of the SL. SIMS AlAs 200Ai-GaAs 200A1 SL implanted with I MeV ixvgen to
a dose of 10'1 cm-1 at room temperature Partial compositional

depth profiles of -'Al in the SL samples which were disordering is evident in the "Al signal at - 125 um the rpoon
implanted at room temperature with doses of either of partial disordering is not aligned with the highest concentra.
101-5 or l0'r cm-- show no evidence of any disorder- tion of oxygen.

... sr¢ jo ,
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AlAs-GaAs SL AlAs-GaAs SL
oxygen implanted, 2500C oxygen implanted, 300C
1 MeV, 1017Cm- 2  1 MeV 1017 cm-2

not annealed annealed, 8500C 45 min.

~oxygen oxygenii

t- --
00

o
• aluminum aluinu

5000 10000 15000 20000 5000 10000 15000 20000

Depth(A) Depth(A)

Fig. 3 - Depth profiles of 60 and -'AI by SIMS for an unan- Fig. 4 - 'O and -AI depth profiles by SIMS for an AlAs 1200A)-
nealed AlAs ,200A)-GaAs t200AP SL implanted with I MeV ox- GaAs 200A) SL implanted with ' MeV oxygen to a dose of 10"
ygen to a dose of 10"' cm at 250' C. Partial compositional dis- cm -, at room temperature and annealed at 850' C for 45 Mmn. A
ordenng is evident in the 'At siinal at -1.25 am. The region region -3500A of complete disordering is observed at -1.25 Mm.
of parnal disordering is not aligned with the highest concentra-
tion of oxygen. termixing of the GaAs and AlAs layers over a re-

gion 3500A in width No redistribution of the oxv-

nal oscillations is not the result of degradation of gen profile is observed in the SL, in contrast to the
the SLMS resolution with depth, as evidenced by the redistribution reported ' following annealing (900' C,
recovery of the oscillation intensity at greater depths. 20 minI of bulk GaAs implanted with oxygen at 1
The location of the partially disordered region does MeV The cause of the small rise in the Al signal
not coincide with that of the peak oxygen concen- within the disordered region is not yet clearly
tration, but is slightly removed toward the surface
of the epilayer and aligned with the region of great- AlAs-GaAs SL
est damage as determined from a computer simu- oxygen implanted, 2500C
lation. " The measured degree of disorder is greater 1 MeV 1017 cm-2
for the room temperature implanted sample than for annealed, 8500C 45 min.
the 250' C implanted sample, consistent with the
higher levels of damage induced during the room og
temperature impiant. ""' The oscillations seen in
the '60 signal are an artifact of the matrix effect
associated with the SIMS technique in which the
"0 sensitivity is increased in the AlAs layers. The -
projected range of the implanted oxygen ions is_
observed to be 1.3 Aim. consistent with data re- -
ported : - 2 for similar 1 MeV oxygen implants into
GaAs..a)

No disordering was observed in SIMS depth pro-
files of the SL implanted at either room tempera- a)
ture or 250' C. at a dose of 1 0 " cm- and annealed r aluminum
at 8 50' C for 45 mm. Profiles of samples implanted
with a dose of 10 ' cm - at both room temperature
and 250' C and similarly annealed are shown in Figs. 50
4 and 5. For the sample implanted at 250' C, the 5000 10000 15000 20000
partial disorder present prior to annealing is seen Oepth(A)
to remain essentially unchanged following anneal-
ing The profiles of Fig. 4 for the 10" cm - sample Fig 5 - SIMS depth profiles of "() and ' At depth prniiles of
implanted at room temperature, however, cleariv an AlAs 200A -GaAs 200Ai SL imolanted with I MeV )xvgen

to a dose of PP" ' cm a at 250)' C and anneaied at " .' t for 45
show that the 350" C anneahna results in further mn Partial compositional di sordering ,s evident in the -- Al qmg-

disordering ,f the SL to the point of complete in- hai proiie.
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understood. This rise tracks the peak of the oxygen increase substantially, the former increasing from
concentration and, therefore, may be due to an in- 2 V to 30 V and the latter from 10 V to 41 V. It has
crease in Al sensitivity as a consequence of the high been renorted"1 that the high density of defects gen-
oxygen concentration and the mixed matrix. erated in bulk GaAs implanted with a moderate dose

In summary, for doses of 10" cm-" or less no dis- (10 5 cm- ) of oxygen acts as a conduction path for
ordering is observed in either the as-implanted or carriers. Only after repair of the implantation in-
the annealed samples. Partial disorder is seen prior duced damage during annealing is a semi-insulat-
to annealing in the 1017 cm- ' implanted samples for ing region obtained.' 6 The data of Fig. 6, however,
both implant temperatures with more extensive show that a semi-insulating layer is formed in a SL
disordering evident for the room temperature im- prior to annealing. These SL samples were im-

plant, which induces the higher level of damage. planted with higher doses than those of Ref. 16 and
Subsequent annealing has little effect on the I0"7  should contain a greater density of detects. Thu-,
cm-2, 250' C implanted sample but results in greatly the mechanism for defect conduction observed in bulk
enhanced disordering for the 1017 cm-2 , .',)om tem- GaAs does not occur in an AlAs-GaAs SL.
perature implanted sample to the point of total in- The forward and reverse I-V characteristics of an-
termixing of the GaAs and AlAs layers over a re- nealed 850' C, 45 min) samples, both implanted (,017

gion approximately 3500A wide. No evidence of cm-, room temperature) and unimplanced. are
oxygen redistribution was noted following anneal- shown in Fig. 7. The forward turn-on and reverse
ing for any of the doses used. This indicates that breakdown voltages of these annealed samples are
the oxygen induced disordering seen here is not de- only slightly higher than those of the unannealed
pendent on fast diffusion of the implanted species samples. For the unimplanted sample, the forvard
during the anneal, as is the case for Si implanta- turn-on voltage increased from 2 to 4 V and the re-
tion.-"-.. Rather, the atomic mixing processes (i.e. verse breakdown voltage increased from 10 to 11 V,
ion beam mixing, rad'ation enhanced diffusion) while for the implanted sample, the values in-
taking place during the implantation allow suffi- creased from 30 to 78 V and from 41 to 99 V i the
cient disruption of the lattice to produce partial dis- forward and reverse bias conditions, respectix ely
ordering. Further disorder occurs during subse- The electric field in the SL at which breakdown oc-
quent annealing, presumally by defect motion, curs for the annealed, implanted sample is approx-
although the details of the disordering process have imately 4 x 105 V/cm. These data demonstrate for
not yet been investigated, formation of a highly resistive region within a SL

epilayer, via oxygen implantation, which exhibits
Carrier Compensation good semi-insulating properties that. are stable un-

der high temperature annealing.
The forward and reverse current-voltage I-VI Although the compensation mechanism active in

characteristics of an as-rown SL and an unan- oxygen implanted AIGaAs layers is not clearly
nealed. oxygen implanted SL i10 7 cm-, room tern- understood, it has been proposed that the compen-
perature) are compared in Fig. 6. The I-V charac- sation is due to complexes involving oxygen and de-
teristic of the as-grown sample exhibits a forward fects created during the implantatin. In GaAs,
turn-on voltage of '2 V and a reverse breakdown fescradduigteipntto. 5 0 IGasSvoltage of 0 V Fortheiand sampve. bothkdthe oxygen can introduce both deep donor and deep ac-
voltage of 0 V For the implanted sample both the ceptor states. A deep donor level is generated whenforward turn-on and reverse breakdown voltages

AlAs-GaAs SL . AlAs-GaAs SL
08 oxygen imolanted. 30'C . 0.8 oxygen imolanted, 300C

0.6 1 MeV, 1017cm 2  06 1 MeV,10 t cm 2

no anneal annealed, S500C, 45 min.
0 4 0.4

< Oxygen 0.2E 02 implanted E 0.2

S-Co 0 -0Oxygen

-02 -0.2 Implanted

-04 . -0.4 -
-0.6 i

0 6
-0 8 Unirolanted -0.8 - Unimplanteci
-'T0 . .-.. 12 .. ..- 00 -75• ' ' -5 5 0 25 50 75 00

-100 -75 -50 -25 0 25 50 75 100 +125 -100 -75 -50 -25 0 25 50 75 100

Voltage V) Voltage (V)

Fi4 6 - Formard nd reverse I-V characteristics of in unim- Fig 7 - I-V characteristics for annealed ,850 ° C !or 45 mini
planted. unanneated AA0 2lJUA;-GaAo 210A, SL -inner curvej samples of an unimlanted AlAs (200A,-GaAs .200A) SL inner
md -he inannealed SL implanted with I MeV )xygen to a dose curve, and a SL implanted at room temperature with I MeV .)x-
o ,().' cm -it room temperature 'outer curve,. ygen to a dose of 1017 cm 'outer curvei.
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Abstract Graded barrier quantum ivell heterostructure (GBQWH) broad area
lasers have been shown to be capable of high power pulsed and cw operation.
In this article. wve consider several operational characteristics and design is-
sues associated with broad area graded barrier quantum iell heterostructure
lasers grown by metalorganic chemical vapor deposition. In particular, the
effect ofjunction heatim on emission wavelength for cw device operation and
the effects of various buffer layer structures on the material properties and
device characteristics of GBQWH structures are addressed. Typical revultv
for high po' er operation of uncoated broad area laser diodes are also outlined.

Introduction

Graded barrier quantum well heterostructure (GBQWH) lasers' 2 exhibit ex-
tremely low threshold current densities and high quantum efficiencies due to the
two-dimensional density of states of the quantum well active layer and the ex-
cellent optical and carrier confinement provided by the compositional grading of
the barriers.-' These structures are therefore suitable for use in high power ap-
plications where low drive currents and high power conversion efficiencies, which
result in reduced heat generition in devices operated under c%% conditions, are
desirable. The lower threshold current density inherent to the GBQWH structure,
in comparison to conventional double heterostructure (DH) lasers. ' allows op-
eration of devices with accordingly wider stripe geometries (150 p.m in this study.
as compared to 50 p.m in the DH study), but having the same threshold current
at much higher power levels before device heating leads to reductions in output
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power and undesirable temperature-induced shifts in the emission wavelength. In
addition, the larger near-field emission spot size of broad area GBQWH lasers.
due to the wider stripe geometry utilized and confinement of the optical field in
a large optical cavity, results in a relatively narrow output beam and reduces the
output power density at the facets. allowing higher total output powers at the
point of catastrophic optical degradation.' In this article, heat generation and
dissipation in GBQW lasers are addressed. along with some design considerations
to reduce the former and enhance the latter.

During high power operation. diode heating effects can cause a significant shift
in laser emission vsavelength as the output po% er level is increased and can even-
tually lead to enhanced deice degradation, thereby shortening the operational
lifetime, or even result in abrupt thermally induced catastrophic failure. It is nec-
essary to take such thermal effects into account when designing high power cw
lasers for stable operation at specific wavelength,,. such that heat dissipation car
be maximized. In this work. thermally induced wavelength shifts as a function of
output power for high power broad area GBQWH laser diodes grown by metal-
organic chemical vapor deposition tMOCVD)' are described. Comparison of
emission spectra at various pulsed and cw output power levels and ambient tem-
peratures is presented. allowinp estimates of average laser diode internal operating
temperatures to be made. The effect of various types of buffer layers on the
material quality of epitaxial layers of high composition (x = 0.85) AlGa, - As
laser material grown by MOCVD on horizontal Bridgman tHB) and liquid en-
capsulated Czochralski tLEC) substrates is also reviewed. Details of the various
ptetayers and their effects on the device performance of GBQWH lasers having
high composition AlGa _,As confining layers are described Finally, high power
data are presented on the operational characteristics of various broad area
GBQWH laser structures. and correlations between device performance and as-
sorted GBQWH design parameters are noted.

Dependence of Emission Wavelength on Operating Temperature and
Output Power

It has been shown that heat generated by nonradiative processes in a semicon-
ductor laser raises the junction temperature of any laser diode structure. thereby
inhibiting stimulated emission and reducing the total optical output power ' Junc.
tion heating also results in a temperature-dependent red-shift in emission energy
to longer wavelengths. .. . which is undesirable in applications where high power
operation at a specific wavelength is required or where wavelength stability over
a wide range of output powers is desired. In this section. the variation in emission
wavelength of wide stripe broad area GBQWH lasers as a function of pulsed and
cw output power is noted. and the effects o( structural design and device pro-
cessing on the magnitude of this therinally induced wavelength shift are discussed.
Comparison of laser emission spectra for pulsed and cw operation of devices at
various power levels and ambient temperatures allovs an estimate to be made of
the average internal operating temperature of the laser diode active region.

The dcvices utilized in this study were grown by MOCVD at 800°C in an
atmospheric pressure vertical reactor described previously. The basic
AlGau,-As/GaAs laser structure consisted of a 0.5-p.m GaAs buffer layer n =
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1 x 10' ). a 0.5-p.m linearly graded AIGa, -,As buffer layer (0.0 s x :5 0.85,
n = I x 10'"). a 1.5-p.m AlosGaotsAs confining layer In = I x 10"'i. a 1.200-
A parabolically graded AlGaI -,.As layer (0.85 a x 0.20. n = 5 x 10'"'). a 50-
A GaAs single quantum well (undoped). a 1.200-A parabolically graded
A1,Ga., As layer 10.20 s x :s 0.85. p = I x 10'). a 1.5-p.m AlOm5Gao,15As
confining la~er (p = 2 x 10'"). and a 0.2-.m GaAs contact layer (p = 3 x 10" ).
The use of such high aluminum composition confining layers (x = 0.85) allows
more heat to be generated in the device without a detrimental temperature rise
7t :he active ' ,arJurz,:!cn due to the high thermal conductivity of AlGa, -,As
at higher values of x.' Broad area oxide-defined stripe geometry (w = 150 p.m)
devices were fabricated using standard photolithographic and wet chemical etch-
ing techniques. Alloyed Ge/Au contacts were utilized on the n-side. and nonal-
loyed Tii Pt.'Au contacts were evaporated on the p-side. The facets of the devices
utilized in this study were left uncoated. Diodes were mounted p-side down in
indium solder on Cu blocks and wire bonded to contact the n-side (R,,,,,,, = 0.9
fl). Devices were tested under pulsed (I.5-pLsec pulse width;2.0 kl-z repetition
rate) and cw conditions at various operating temperatures (a24°C) in a variable
temperature test fixture. L-1 curves were generated in order to determine broad
area threshold current densities (Jh) and differential quantum efficiencies, and
single-ended output powers were measured using a calibrated silicon photodiode.

Figure I shows the emission spectra of a diode operated at 450 mA (pulsed)
at ttxture temperatures of both 24* and 68°C and at 700 mA (pulsed and cw) at a
fixture temperature of "4:C. Typical diodes operated at cm, output power levels
up to 235 mW per uncoated facet. Comparison of the pulked spectra at 24°C for
currents of 450 and 700 mA reveals no observable shift in the peak emission
%%avelength 8.205 A% ith increasing current, indicating no appreciable increase
in the internal junction temperature under these lom, duty, cycle pulsed conditions.
The spectra of the same diode operated cw at 700 mA and a fixture temperature
of 24'C. however, shows a red-shift of -- 120 A to a peak emission %,avelength
of 8.325 A. Diodes operated under pulsed conditions at 450 mA and a fixture
temperature of 68:C also exhibit a peak wavelength of 8,325 A, suggesting an
internal junction temperature rise of approximatel, 44C' (to 68'C) for the case of
700 mA cw operation.

These data illustrate some of the consequences of thermul energy generation
in a GBQWH laser structure operated under high power cw conditions. as re-
tected in a rise in diode internal operating temperature and a corresponding red-
shift in emission wavelength. Under pulsed operation at the low duty cycles (0.3r%)
and with the simple heat sinking employed in this study. it is evident that the
small amount of heat generated in these GBQWH de, ices at high output power
levels is easily dissipated such that associated increase-. in internal temperature
or shifts in emission wavelength are undetectable. Under cw operation, however.
the amount of heat generated can be significant. resulting in an apparent 44C*
increase in diode junction temperature (.E - 3 meV) as deduced from a measured
increase in laser wavelength of 120 A from 8.205 A to 8.325 A. Device heating
at this level can result in accelerated material degradation and reduced cw op-
erational lifetimes. The importance of incorporating structural features that fa-
cilitate heat dissipation in the design of GBQWH structures and the need to pro-
vide external mechanisms for efficient heat sinking are. therefore, demonstrated.
It is imperative to address such issues when designing semiconductor laser diode
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Graded Barrier Quantum Well Laser
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Figure 1. Laser spectra of a diode operated at 450 mA (pulsed) at temperatures of both
24C and 68C and at 700 mA (pulsed and cw) at 24*C. Comparison of the 24C pulsed
spectra at 450 and 700 mA indicates that there is no observable shift in the peak emission
wavelength (8.205 A). The spectra of the same diode operated cw at 700 mA. however.
has red-shifted by 120 A due to diode junction heating, yielding a peak wavelength of 8,325
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systems intended for high power cw applications where stable emission wave.
lengths over a wide power range and long operational lifetimes are required.

The Effect of Various Buffer Layer Structures

During the epitaxial growth process. defects present in the crystal substrate are
inherited as climbing dislocations into subsequently deposited AlGaI _,As epi-
layers, especially those of higher Al composition" and propagate vertically
through the growing layers. eventually emerging on the surface of the structure.
These defects act as nonradiative recombination centers and contribute to optical
field scattering, thereby raising the threshold current - if they propagate through
the active layer of a device. When operated under high levels of current injection
for prolonged periods. such defects may develop into larger defect networks, dark
line defects, which act as localized sites of nonradiative recombination and result
in localized heating. " Laser structures utilized in high power applications that
possess such defects in high enough densities exhibit radically shortened oper-
ational lifetimes and decreased reliability due to thermally induced degradation
and catastrophic failure. Typically, GaAs substrates are obtained from crystals
grown by either the liquid-encapsulated Czochralski (LEC) or horizontal Bridg-
man (HB) technique. LEC substrates are available in larger diameter circular
geometries, ideal for automated processing, making them preferable from a pro-
duction standpoint. However. LEC crystals also tend to be of lower overall quality
and possess much higher dislocation densities than the HB crystals currently
available, rendering devices grown on LEC wafers susceptible to the difficulties
described above.

In this section. the effect of various buffer layer structures on the material
quality of high composition AlGa _,As laser material grown by MOCVD. as
reflected in the device characteristics of GBQWH lasers. is outlined. The pre-
viously described GBQWH structures having high composition ix = 0.85) con-
fining layers were grown simultaneously on both high quality HB and relatively
lower quality LEC (100) GaAs:Si substrates at a temperature of 800'C. The four
buffer layer structures studied consisted of 0.5 .m GaAs plus: (1) no additional
buffer structure (NOBUF). (2) a 0.5-p.m compositionally graded AI,Ga, _,As
buffer(CGB) layer (0.0 -5 x :5 0.85). (3) a three-period superlattice buffer I3XSLB).
each period consisting of 100 A AlAsilOO A GaAs. and (4) a 20-period superlattice
buffer (20XSLB), each period consisting of 100 A AlAs/100 A GaAs. Following
MOCVD growth. broad area oxide-defined stripe lasers with various cavity
lengths were fabricated and broad area threshold current densities were taken
from pulsed (2.0 pLsec pulse width/2.0 kHz repetition rate) L-l characteristics.

In Figure 2 the broad area threshold current density data for GBQW devices
grown on HB substrates with each of the four types of buffer layers is plotted as
a function of cavity length. As reported previously.' the type of prelayer has
essentially no effect on Jh when HB substrates are utilized. In Figure 3, J,, versus
cavity length data is plotted for the same structures grown simultaneously on LEC
substrates. As for the HB case. the buffer layer type has little or no effect on the
diode threshold current. In addition, these devices exhibited a mean 1,h - 250
A/cmZ, which is the same as that of the HB-grown devices and indicative of high
optical quality material. The similar thresholds exhibited for the two substrate
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Figure 2. Broad area threshold current density (J,,) as a function of cavity !.,.i.th for
GBQW lasers grown on high quality/low dislocation density HB substrates with th,: various
buffer layer structures indicated.

types was unexpected due to the fact that the as-grown GBQWH epilayer struc-
tures appeared visibly roughened and degraded for the LEC case, especially for
those with NOBUF. when compared with the corresponding HB-grown ;truc-
tures. which were all smooth and specular. even under magnification. A related
study 7 on the effect of these same buffer layers on the dislocation density of bulk
high composition (x = 0.85) epilayers also indicates a much higher defect density
and lower overall crystal quality for those epitaxial structures grown on LEC
substrates when the less sophisticated prelayers are utilized, whereas the proper
choice of buffer layer can result in equivalently low etch pit densities (EPD) and
smooth surface morphologies for both the LEC and HB cases. Laser device per-
formance does not seem to be linked to EPD or surface morphology for these
LEC-grown GBQWH structures, however, and all devices exhibit essentially the
same threshold current, independent of the type of buffer layer and/or substrate
utilized.

The results of this section can be summarized as follows. First, it has been
observed that the threshold current density of GBQW laser structures grown by
MOCVD on high quality/low dislocation density HB substrates is independent of
the type of underlying buffer layer utilized. This is in contrast to previous reports'" ,

'9 in which the threshold current density of similar laser structures grown by MBE
was highly dependent on the type of prelayer used, The introduction of a CGB'"
or SLB' 9 was shown to .esult in at least a 50 percent reduction in JIh for these
MBE-grown devices. No such reduction is noted for the MOCVD-grown devices
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Figure 3. Broad area threshold current density (Jh) as a function of cavity length for
GBQW lasers grown on low qualitythigh dislocation density LEC substrates during the
same growth run as the devices characterized by Figure 2. Note that the threshold current
of these lasers is not only independent of the type of butter laver utilized but is also as
low as that of devices grown on HB substrates (Fig. 2) for all prelayer types.

in this study. a fact attributed to basic differences between the %I BE and MOCVD
growth processes.'7

It has also been shown that the pulsed threshold current density of GBQWH
lasers grown by MOCVD is independent of not only the type of underlying buffer
layer but also the type IHB or LEC) and dislocation density of the substrate used.
This indicates that laser structures grown by %IOCVD exhibit a relative insen-
sitivity to material defect density as compared to that exhibited by structures
grown by MBE. From a pragmatic standpoint, it has been demonstrated that
MOCVD can be utilized to grow high quality GBQWH lasers on commercially
desirable LEC substrates having characteristics comparable to identical structures
grown on HB substrates. Such devices are suitable for high power applications
requiring low threshold current operation and minimal dependence of device char-
acteriktics on bulk material dislocation density.

Typical High Power Laser Results

Higher output power levels can be obtained from laser diodes operated under
pulsed conditions than from diodes operated cw for low duty cycle and low pulse
frequency conditions. It has been shown : ' that the maximum peak output power
for pulsed operation increases inversely as the square root of the pulse width for
pulse durations shorter than a few microseconds. For longer pulse widths, the
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maximum pulsed output power asymptotically approaches the cw value In this
section. typical data on the high current pulsed response of broad area GBQWH
laser devices are presented and correlated with various structural parameters.
These GBQWH structures were essentially identical to the structures described
earlier, except they possessed single quantum well active layers with either
L, = 30 A or L, = 50 A4 and AI,Ga, -,As confining layers with aluminum com-
positions of either x = 0.60 or x = 0.85. The dependence of both output power
at a given reference current and single-ended output power at the point of cata-
strophic degradation on these device parameters is also noted

Broad area (w = 150 timi oxide-defined stripe lasers were operated under
pulsed (6.0 Isec pulse width;2.0 kHz repetition rate) condition-s and driven by
high injection currents (2-3 A) The average single-ended output power measured
from structures having x = 0.60 confining layers and a 40-A quantum well was
350 mW per uncoated facet at a drive current of 2.2 A. Catastrophic optical
degradation of the facets typically occurred at an output of 385 mW per facet.
After being driven to the point of mirror degradation. devices still operated. albeit
with output power levels reduced by a factor of two at any given injection current.
Structures having x = 0.60 confining layers but a 30-A quantum well yielded an
average output power of 335 mW per facet for a 2.2 A pulsed drive current, with
catastrophic mirror degradation again occurring at 385 mW per facet. The small
reduction (-4%) seen in output power at a given current level is a result of the
small increase in device threshold current density associated with the smaller well
size utilized. 30 A as compared to 50 A. which slightly reduces the carrier col-
lection efficiency of the GBQWI structure.'

Improved high pov er broad area characteristics were obtained by increasing
the aluminum mole fraction in the confining layers to x = 0.85. These devices.
which also had 50-A quantum wells, exhibited extremely low threshold current
densities (11h :s 200 A.cm-) and external differential quantum efficiencies of 45
percent. The exponential temperature dependence of the threshold current density
(To) was 150 K. measured up to an operating temperature of 80"C. These devices
exhibited output powers of 430 mW per facet at a pulsed drive current of 1.5 A
and up to 585 mW per facet at 2.2 A. Gradual degradation of the facets began to
occur, however, at output powers above 500 mW per facet. The significant in-
crease realized in output power for these GBQWH structures results from the
incorporation of such high aluminum composition confining layers, which yields
increased optical and carrier confinement in the GBQWH active region, thereby
reducing the threshold current density and increasing the differential quantum
efficiency of the devices. These high power data for the various GBQW structures
are summarized in Table 1.

Table 1.
Summary of High Power Uncoated Laser Data for Various Combinations of

Quantum Well Width and AlGaI.,As Confining Layer Composition

AlGa,.,As Power C Catastrophic
Confining Layer Quantum Peak Power Optical Degradation

Composition Well Width (mW/facet @ 2.2 A) (mW!facet)

x = 0.60 50, 350 >385
x = 0.60 30, 330 >385
x = 0.85 50 A 585 >500
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Conclusions

In this article, we considered various performance aspects and design issues un-
derlying the operation of broad area graded barrier quantum well heterostructure
lasers grown by metalorganic chemical vapor deposition. We examined thermally
induced red-shifts in the peak emission wavelength of wide stripe broad area
GBQWH devices as a function of cw output power. Comparison of laser emission
spectra for both pulsed and cw operation of devices at various output power levels
and ambient temperatures allowed an estimate to be made of the average internal
operating temperature of the laser diode active region. We have also demonstrated
that the device characteristics of GBQWH lasers grown by MOCVD are inde-
pendent of not only the type of underlying buffer layer but also the type (HB or
LEC) and dislocation density of the substrate used. This indicates a relative in-
sensitivity of device performance to material defect density for structures grown
by LMOCVD as compared to those grown by MBE. We have also fabricated and
tested single stripe broad area devices that exhibit peak output powers of up to
585 mW per uncoated facet under pulsed operation. The output power at a given
drive current and the peak power at the point of catastrophic optical degradation
have been shown to depend on the details of the GBQWH structural design.
Optimization of the quantum well active layer thickness and AlGal -,As con-
fining layer composition resulted in increased output power levels due to the
minimized threshold current density and increased power conversion efficiency
realized for these devices.
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Data are presented on a nonplanar graded barrier quantum well heterostructure window laser
formed by a single metalorganic chemical vapor deposition (MOCVD) growth. By utilizing a
selectively etched substrate, a transparent window region is formed in the vicinity of the facets
thereby relaxing the maximum power limit imposed by catastrophic optical degradation. The
ultimate output power available from such devices is approximately 50% higher than from
devices with the same structure but grown on unetched substrates. The processing required for
device fabrication is minimized by taking advantage of the properties of MOCVD growth on
nonplanar substrates.

Many of the degradation mechanisms of semiconductor sented clearly show a broadening of the optical field due to
lasers may be attributed to the presence of the active layer at the window region.
the mirror facets. During high-power operation optical GaAs:Si (100) substrates were prepared prior to epitax-
absorption in the active region near the facets, which is en- ial growth by delineating narrow mesa stripes (25 pm wide
hanced by a high surface recombination velocity, leads to ard 5 10/m apart) with standard photolithography and wet
local heating in the region and may result in catastrophic chemical etching ( 1:8:80 H,SO:H.O,:H,Ot. The mesas.
optical degradation (COD). Furthermore, at lower intensi- after growth. define the window region of the lasers. A grad-
ty levels augmented generation ofdefects and facet oxidation ed barrier quantum well GBQW) heterostructure laser: 14
degrade device performance. These degradation mech i- was grown in an atmospheric pressure MOCVD reactor" '
nisms may he eliminated or reduced by incorporating a non- at a temperature of 800 'C. The laser structure consists of a
absorbing region between the active region and the mirror 0.25 am GaAs:n buffer layer, a 0.5 ,ati linearly graded
facets. The window region' reduces the local heating at the (0.0! x0.85) AI,Ga, ,As:n buffer layer, a 1.0 ym
facets and decreases the optical intensity at a given output Al,, 5 Ga, As:n confining layer. a 1200 A parabolically
power by broadening the beam. Previously reported graded (0.85)x -0.20) AI,Ga, As.n layer, a 50 A
schemes -' to produce window lasers require sophisticated GaAs:u quantum well, a 1200 A parabolically graded
fabrication processes or multiple growth steps. The diffused (0.20<x,0.85) Al, Ga, _, As:p layer, a 1.0 lim
window stripe laser"- requires precise control over its diffu- Al), Ga,I AN:p confining layer, and a 0.2 pm GaAs:p
sion. the crank transverse junction stripe (TJS) laser' re- contact layer. The MOCVD growth is highly uniform"-
quires sophisticated selective etching, the V-channeled sub- over the nonplanar substrate such that the substrate con-
strate inner stripe i VSIS) laser- and the large optical cavity tours are maintained in the laser structure as illustrated in
buried heterost:-ucture (LOC-BH) window laser" ' require Fig 1. which is a schematic cross section of the laser struc-
two growth steps. Such complexities of the fabrication pro- ture in the vicinit, of the mirror facets. A planar substrate
cedure reciuce the laser yield, lower the device reliability, and was loaded into the MOCVD reactor along with the etched
limit the device structure. substrate in order to directly compare the characteristics of

In this letter we report the growth and fabncation of a
simple nonplanar quantum well heterostructure wiq.dow la-
ser. In order to produce a nonabsorbing region in the vic:nitv

f the facets at the active region, long mesas are etched in the
substrate prior to growth As a result of uniform"-' metal- Conta= Metal
organic chemical ,.apor deposition ( MOCVD) growth over
nonplanar surfaces, the active region is displaced toward the
surface in the vicinity of the facets. Consequently, the optical
field traverses the higher band-gap nonabsorhing confining

region is a result of the nonplanar substrate, the type of laser CeeFt
structure grown is not restricted nor are sophisticated fabri- Active Regon
cation techniques or multiple growth steps required as in Non lanar Substrate
previousl: described window lasers. Data are presented on
the light-current characteristics of devices with and without FIG Schemat,: ofa nonrplanar GBQW window laser grown h, IOC\D
window regions which demonstrate a nearly 50c increase in on an etched subsirate. The MOCVD growth follows the contours ot the

substrate resulting in a nonplanar active region and a nonabsorbing windowthe maximum output power Near-field and far-field radi- region formed from the AL,., Ga., .As coniing layer between the actor
ation patterns perpendicular to the junction which are pre- region and the mirror facet.
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the two structures. Following MOCVD growth, wide
(w = 150pm) and narrow (w = 8pm) oxide-defined stripe
lasers were fabricated. Alloyed Ge/Au contacts were
formed on the back of the substrate and nonalloyed Cr/Au
contacts were formed on top of the structure. The window J -----
lasers were formed by cleaving bars along the length of the ''  

2wn

mesas and then scribing the bars into individual devices,
thereb) producing a device with a 510-pim-long laser cavity
and a 0.6 pm step to a- 12/pm window region. The facets of window
the devices utilized in this study were left uncoated. No so-

phisticated fabrication processes or multiple growth steps FIG. 3. Near-field radiation pattern perpendicular to the junction at 1.75
were required to form the window region. Devices were test- 1, from a narrow stripe (8pim) uncoated facet of a window laser compared

ed under pulsed conditions (300 ns pulses, I kHz repetition to that of a conventional laser both with a cavity length of 510 urn. The
FWHM of the window laser is 1.2 ,m whereas the FWHM of the conven-

rate). Output power was measured using a calibrated silicon tional laser is 0.8 ,m. The data indicate that the optical field broadens in the
photodiode and the near- and far-field radiation patterns window region.
were measured using a silicon photodiode array.

Figure 2 shows the light output power versus pulsed
current curves for a wide stripe window laser and a conven- from the lower confining layer of the window region. Conse-

tional wide stripe laser both with a cavity length of 510pum. quently, we propose that the majority of the optical field

The window stripe lasers emitted up to 1244 mW per uncoat- propagates in the lower confining layer as an unguided mode

ed facet whereas the conventional wide stripe lasers failed in the window region (although some of the m( de would

due to COD at 842 mW. Narrow stripe window lasers couple into the waveguide formed by the GBQW layer in the

= 140 mA) emitted 393 mW per uncoated facet com- window region but tl~e coupling would be poor). The ab-

pared to 280 mW per facet from conventional narrow stripe sence of an optical waveguide leads to incomplete coupling

lasers (I, = 75 mA). Near-field and far-field radiation pat- between the optical field in the window region and the opti-

terns perpendicular to the junction at 1.75 1,, of a nartow cal field in the light-emitting region. To account for the in-
stripe window laser and a conventional narrow stripe laser complete coupling of the fields we have incorporated cou-

are shown in Figs. 3 and 4, respectively. The optical field has piing coefficients in an expression for the threshold current

broadened in the window region as indicated by the wider (Iih ) 17:

near-field full width at half maximum (FWHM) (1.2 pm) I h = _ _(_L + I In 1
and narrower far-field FWHM (25*) of the window laser +2 R(CR-C
compared with the near-field FWHM (0.8 pm) and far-field where w is the width of the stripe,,6 is the differential gain
FWHM (35*) of the conventional laser. The mesa step sepa- coefficient, a is the loss coefficient, L is the length of the
rates the GBQW layer in the window region from the device, R .2 are the mirror reflectivities, and C 1., are the
GBQW layer in the light-emitting region by 0.6 pm. Based coupling coefficients. By comparing threshold current data
on calculations of the optical field in the light-emitting re- of devices with and without window regions we have calcu-
gion, the optical intensity is reduced by more than four or- lated the coupling coefficient as 0.4. A limited coupling coef-
ders of magnitude across the 0.6 pm from its peak value in f cient is expected with the narrow active region of GBQW
the active region. We have also expenmentally observed that lasers.
the majority of the light from the window lasers is emitted In conclusion, nonplanar GBQW window lasers have

1.5 ______________

S1.0.w w

conventional 25*

10.5

0.04/

0 5 10 15 20
Current (A) indow conventional

FIG 2. Light outiut power vs pulsed current characteristics from a wide FIG 4. Far-field radiation pattern perpendicular to the junction at I 75I,
stripe ( 150,m) uncoated facet of a window laser compared to that of a from a narrow stripe (8p4m) uncoated facet ofa window laser compared to
conventionallaser both with acavitylengthof 5l0,m. The maximum out- that of a conventional laser both with a cavity length of 510 pm. The
put power from the window laser is nearly 50% greater than the maximum FWHM of the window laser is 25' whereas the FWHM of the conventional
output power from the conventional laser. laser is "5"
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Optical Characteristics of High-Power Nonplanar
Periodic Laser Arrays

CHARLES A. ZMUDZINSKI. STUDENT MEMBER. IEEE, MICHAEL E. GIVENS, ROBERT P. BRYAN. AND

JAMES J. COLEMAN, SENIOR MEMBER. IEEE

Abstract-Optical characteristics of high-power nonplanar periodic optical power in excess of 10 W. In particular. we discuss
laser arrays are presented and analyzed. The nonplanar arrays, grown the effects of fabrication parameters such as confining
by metalorganic chemical vapor deposition. consist of a periodic arra y a i active region structure, and
of mesas and grooves, which provides index guiding and prevents lat- layer aluminum compositiona
eral lasing. The near- and far-field patterns are shown to be a strong the width of mesas and grooves on the threshold current.
function of the laser structure, particularly of the confining layer corn- efficiency, and near- and far-ficid patterns of the laser ar-
position and effective index step. The near-field pattern determined by ray. We have experimentally observed a strong depen-
the structure affects the external differential quantum efficiency of these dence of the near- and far-field patterns on the confining
arrays relative to similar planar active region devices. Laser emission le c o of grad ed patter onth e hni -

was generally confined to the mesa regions. A simple model is used as ll
an aid to explain the ohserved near- and far-field patterns and to iden- erostructure (GBQWH) [7], [81 periodic laser arrays.
tify the mechanisms which confine the optical field to the mesa or groove which in turn affects the external differential quantum ef-
region. ficiency of the laser arrays. In Section 11, the fabrication

process for the periodic laser arrays is described. Exper-

1. INTRODUCTION imental results for lasers with various structures will be
presented in Section Ill. In Section IV. a discussion of the

Emost promising source of high-power emission from experimental data is presented. and the results of this pa-
per are summarized in Section V.

semiconductor materials which are suitable for such ap-
plications as pumping solid-state Nd: YAG lasers [1]. II. LASER FABRICATION
Lateral lasing and amplified spontaneous emission in wide The fabrication of nonplanar periodic laser arrays has
laser arrays can be suppressed by etching deep grooves at been described previously [41, 151. The resulting structure
periodic intervals 121. 131 or by forming a nonplanar ac-peridicintrvas [[. 3j r byforinga nnplnarac- is shown in Fig. I. The important features of the structure
tive region by metalorganic chemical vapor deposition ar thonpn acTie iont asres of eroove

are the nonplanar active region with a series of grooves
(MOCVD) on an etched GaAs substrate [4], [51. Either and mesas and a bent region connecting the grooves and
technique allows very wide lasers to be fabricated which

mesas, which serves to provide index guiding and prevent
emit over essentially the entire width of the facet. For lateral lasing and amplified spontaneous emission [4], [5].
nonplanar periodic laser arrays, the sharp bends in the ac- Epitaxial growth was performed in an atmospheric pres-
tive region provide large scattering losses for the lateral sure MOCVD reactor described previously [91. Three dif-
cavity modes, with no extra processing required to pre- ferent AI,Gal - As /GaAs GBQWH 171, [8] laser wafers
vent lateral lasing. The purpose of this paper is to describethe harcteistcs o hih-pwernonpana coructed were prepared on etched GaAs substrates for this study.
the characteristics of high-power nonplanar corrugated All three structures consist of a 0.25 Am GaAs buffer layer
substrate laser arrays grown by MOCVD on etched GaAs ( n = I x 10 ) , a 0.5 um linearly graded AIGa-, As
substrates An advantage of using MOCVD for the growth buffer layer (0.0 < x < . n = I x 10'). a 1.0 gm
of these lasers is that the growth over the etched substrate AI,Ga - As confining layer n = I x 10'. x = x,. a
follows the contour ot the -substrate more closely than with 1200 A parabolically graded AIGal _, As laver (.r, x
other growth methods 1]16>. _ 0.20. n = 5 x 10' ) , a 50 A GaAs single quantum

In this paper, we discuss the fabrication, optical char- well (undoped), a 1200 A parabolically graded
acteristics, and design considerations of nonplanar index- Al0Ga1,As layer(0.20 _ x -,p =1 x 101 Va 1.0
guided quantum well heterostructure periodic laser arrays #mAIGa1 _Asconfininglayer(p =2 × 0'..r =.r,.
which are suitable for high-power applications requiring and a 0 2 lm GaAs contact layer ( p = 3 x 10'"'. The

first two wafers, one with r, = 0.85 and one with r, =
Manuscript recei cd Octoher h. 1I48. revised January 1I. I989 rhis 0.40, labeled wafer I and wafer ii, respectively, were

woirk was ,uppoted in pari hy the National ScicnLC Foundation Engincer
ine Research Center tor (imtpoiund Semic(inductor Micr(ctectronics under grown, with a mesa width of approximately 3. jim, a

Grant (DR 2 22h ti ind in parl h, the Nasal Research li.airaory inder groove width of about 3 2 ium, and a bent region width of
,,nhrac s N retm14-idg-K d(Wir approximately 0.6 tAm. resulting in a center-to-centerl'he .thorN .ire with the C*~o ounfd Seco'nductor Mi~crletc roni,:N

Lahratorv. U'nisers~i, ut Illinois it i;rhana-ChampaiLn. Urhana. ll.hiSO spacing between adjacent mesas or grooves of 8 jim.
I- F Lot Number S927126 Wafer Ill has the same structure as wafer 1. except the

M1X-91'7,8Q/0i600-1539501 00 - 1989 IEEE
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c O-~: ,, unetched planar wafers grown with each of the etched wa-

C,- GCV'o III. ExPERIMENTAL RESULrS
In this section, experimental results from each of the

&i.As r three wafers are described. First, the longitudinal mode
spectra are discussed. Then the threshold current density
and the differential quantum efficiencies of the various la-
sers are compared. In particular, the effect of the non-
planar substrate on efficiency is evaluated by comparison
to the br-_d arca planar lasers grown on unetched sub-

above threshold, are compared. The far-field patterns from
the three laser structures are also described.

The longitudinal mode spectrum of nonplanar arrays
was determined using a grating spectrometer. The emis-

sion of lasers from wafer I was 8270 A, as expected from
5,m a single 50 A GaAs quantum well with Ali, Ga(, ,As bar-

Fig I. Schematic and scanning electron micrograph ol a nonplanar array riers [10]. A single group of longitudinal modes was ob-
fabricated from wafer I The array of mesas and grooves, along with the served from all but a few of the lasers. A few lasers had
bent region, forms an index-guided structure which prevents lateral las- two groups of modes oscillating, and spatially resolved
ing. spectral measurements indicate that each array element

oscillates on only one of the two groups of modes. This
TABLE I anomaly may be associated with well thickness variations

SrRt('L'mRF OF THF THREFe W FERS N rmts Sri- i)Y. THR SHOL D CLRrf:.\T across the wafer associated with the nonplanar growth and
DF siT[E.S Of- NoN PLANAR LASERS FROM EACH: WAFER. .\NDDiFFErENT 1.L QtI aT:-N EFi-ctENCcts OF NORPLNR is sometimes observed in planar broad-area lasers as well.

LASERS. AND BROAD-ARE, PLAnaR LASERS The lasers from wafer II emit at 8260 A, again corre-
FROM EACH WAiFR sponding to the quantum well transition for a single 50 A

Wfer No. Strctre Jd = 508 umI Efficiency (non- lanarplanarl GaAs quantum well with Alo Ga1, sAs barriers. The la-

X=085 158 Am
2  

31% / 55% sers from wafer III emit at 8390 A. indicating that the
actual quantum well thickness for wafer III may be greater

GBQWH than 50 A [101.
.c = 3.6 aLm The data in Table I show the average threshold current
wgc = 32 um density of corrugated substrate lasers from each wafer and

t c =o040 557 A/m-' .9% /44 % the external differential quantum efficiency (both facets)
GBQWH for both corruited substrate lasers and broad-area planar
w,, = 36 am lasers with cavity length / = 508 jem from each of the
wro, 2 - three wafers. As expected, the threshold current density

[if x, = 0.85 223 A/cm 21 %/43% of lasers from wafers I and III is lower than the threshold
current density of lasers from wafer II due to the higherGBQWH aluminum comoosition confining layers of the lasers from

=, - 2 9u wafers I and III, Note that the broad-area planar lasers

from wfei III have a slightly higher threshold current
density and lower quantum efficiency than the broad-area
planar lasers from wafer I. indicating a slight variation in

width of the mesa i,,, 2.8 Arm, smaller than the width of the starting material of lasers from wafers I and Ill. The
the groove, which is 3.9 km. The center-to-center spacing preferred structure for high-power low-threshold-current
was kept at 8 Am. Table I summarizes the structure of operation is the laser structure with x., = 0 85 because of
each of the three wafers and includes some experimental the very low threshold current density and high differen-
results, which will he discussed in the following sections. tal quantum efficiency of these lasers For each laser
Device waters were mechanically thinned and polished, structure, the external differential quantum efficiency of
and ohmic contacts were deposited on the p- and n-sides planar broad-area lasers is higher than the efficiencv ot
of the wafer The samples were then cleaved into bars of nonplanar lasers, but not by the same factor In addition.
various lengths. which were diced into individual diode the threshold current density of the lasers on etched sub-
arrays of various widths. The entire width of the laser bar strates is lower than the threshold current density of lasers
is pumped. The facets of the devices utilized in this study on planar substrates. This indicates that the current is not
were left uncoated. For comparison, broad-area 150 Am uniformly infected across the width of the laser, so that
wide oxide stripe lasers were fabricated and tested from one should not use the total width of the device to calcu-
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Corrugated Substrate range of drive currents, retaining its shape from threshold

Periodic Laser Array to at least 16 times threshold. The spontaneous emission

Near Field at 2 Xlth near-field intensity pattern far below threshold (0. 1 x Ih)
was also measured for these devices, and the intensity of

= 380 lim w = 460 pm the emission from the mesas was about 30 percent higher
than the intensity in the grooves. A shallow dip in inten-
sitY at the center of the mesa was observed, which even-

c- _tually grew into the double peak pattern in the mesa shown
'E in Fig. 2. These observations indicate there is a slight
cc " gain variation between the mesa and groove regions. This
.0 gain variation may be a result of nonuniform current in-
oCn jection, as evidenced by the lower measured threshold
F= current density when it is assumed that the current is uni-t.U formly distributed across the device. From the threshold

current density of lasers on planar substrates, one can es-
timate the nonuniformity in current between the mesa and

7T -3 the groove by requiring the current density in the mesa at
IL: threshold to be equal to the threshold current density of a

broad-area laser with a planar active region and also re-
1-H 4 .m quiring the total current to be equal to the threshold cur-

Fig. 2. Near-field pattern or a laser rom wafer .The observed emissio rent of the laser on the etched substrate. From our data.
is trom the mesa. with two peaks on the mesa. The emission from the using the above conditions, we estimate that the current
Qroove is two orders of magnitude lower than the emission from the mesa density in the mesa is 30 percent higher than in the
and is not detected in this near-field pattern, grooves. A scanning electron micrograph of the growth

on etched substrates indicates that the layer thickness var-
late the cross sectional area. The effect of the nonplanar ies in the bent region [6], with the layer being thinner near
structure on efficiency is more pronounced for wafers I the mesa than near the groove. The thinner quantum well
and Ill than for wafer II. and when the near-field patterns near the mesa forms a barrier for electrons [ 11. [121.
of these nonplanar arrays is examined below, the reason helping to confine carriers to the mesa. A similar barrier
for the reduced efficiencies relative to broad-area lasers is not formed near the groove. This nonuniformity of
will become apparent. growth rate in the bent region [61 will probably cause a

Fig. 2 shows the near-field optical intensity pattern from slightly higher carrier concentration in the mesa. The gain
two adjacent elements of a high-power GBQWH periodic variation is probably exaggerated by the fact that the mesa
laser array from wafer I at twice the threshold. Note that region is a perfect (100) surface. whereas the groove re-
two lasing spots. spaced by 1.5 um. are located in each gion is not. The far-field pattern of a laser from wafer I
mesa. one near each edge. No lasing action in the grooves is shown in Fig. 3, showing two broad peaks at ± 9 ' and
is indicated by the near-field pattern of Fig. 2, however, a minimum, but not a zero. at 0'. The depth of the min-
if the sensitivity of the near-field measurement is in- imum at 00 varies somewhat from diode to diode. The
creased, lasing action is detected in the groove region, adjacent mesa elements spaced by 8 Am are not coupled.
with two peaks per groove. We estimate the emission from as indicated by the two broad peaks with f'ul! width half
the grooves to be about two orders of magnitude lower maximum angles of about 70 observed in the far-field pat-
than in the mesa. and we determined that the emission tern of Fig. 3.
wavelength in the groove is the same as in the mesa using The near-field pattern of lasers from wafer !1 is more
a spatially resolved measurement to measure the emission complicated, with three small peaks in the groove and a
wavelength in the mesa and groove regions. Since the small peak in the bent region, accounting for the five small
emission wavelength is the same in both the mesa and peaks between the large single peaks in the mesa. as
Groove regions. the quantum well thickness is the same in shown in Fig. 4 The reduction in efficiency of corrugated
the mesa and groove regions. The very low emission from substrate lasers from wafer 11 relative to the correspond-
the grooves is responsible for the decreased efficiency of ing broad-area planar lasers is not as pronounced as for
nonplanar lasers relative to planar broad-area lasers from wafer I since some emission is observed in the grooves of
the same growth run since the groove region is pumped the lasers from wafer Ii. The spontaneous emission pat-
with current just as the mesa region is. The observed 44 tern at 0. I x /, of lasers from wafer II Indicates the gain
percent reduction in etficiency relative to broad-area la- in both the mesa and the groove regions are approximately
sers is not as large as might be expected since the stimu- equal, and some spontaneous emission is also observed in
lated emission in the groove with its shorter carrier life- the bent regions. The far-field pattern of lasers from wafer
time will compete effectively for nearby carriers subject II exhibits narrow lobes full width half maximum =
to the slower spontaneous emission outside the mesa. The 1.2' ) at + 30, as shown in Fig. 5. The spacing between
observed near-field pattern of Fig. 2 is stable over a wide peaks of 60 is close to the expected value of 5.9' calcu-
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Corrugated Substrate Corrugated Substrate
Periodic Laser Array Periooic Laser Array
Far Field at 1.1 Xlth Far Field at 2 .1Xlth

I = 330 i.tm w=80 gm I = 500 gm w=240 gm
GBQWH x = 0.85 GBQWH x = 0.40

C C

o C
C

o

E E

o5 z

Fit. 5 Far-field pattern of a laser from water I The narrow lobes with a
full width half maximum angle of - I 2' indicate the elements are phase

2.47 deg/div locked, in contrast to the lasers from wafer I

Fig 3. Far-field pattern of a laser from water I The double-lobed pattern
has two peaks at --90 and a minimum at 0° , but the minimum at 0' is The far-field data clearly imply that the adjacent elements
not a null in intensity. spaced by 8 im ifl lasers from wafer 1I are phase locked,

in contrast to the laser elements spaced by 8 um in lasers
Corrugated Substrate from wafer 1, which are uncoupled.
Periodic Laser Array The spontaneous emission intensity pattern at 0.1 X /,h

Near Field at 1.2 Xlth of lasers from wafer IlII is not as uniform as for lasers from
wafer I. with the spontaneous emission being about three

I = 305 I.tm w=230 .m times more intense in the mesa than in the groove region.
GBQWH x 0.40 As observed in lasers from wafer I. a slight dip is ob-

served in the spontaneous emission pattern at the center
2: ... of the mesa of lasers from wafer III. The near-field pattern
C above thresho!-', is confined primarily to the mesas, with
(strongly attenuated laser emission from the orooves and
Ctwo peaks per mesa, just as observed in lasers from wafer

.0 I. An even smaller percentage of the facet contributes to
W3 the output power because the mesas are smaller in wafer
E" III than in wafer I, so the rclative reduction in efficiency
u between nonplanar lasers and broad-area lasers is even

larger for wafer IlI, as shown in Table I. Finally, the far-
field pattern of lasers from wafer Ill is similar to the ob-

"U served patterns of lasers from wafer I. except the null at
CC- 0' is barely noticeable in these lasers. resulting in a very

broad far-field pattern with a full width half maximum
angle of about 200. These data show that the adjacent ele-

4 4tm ments spaced by 8 gm are uncoupled.

Fit 4 Near-held pattern tor a laser from waier II rhe larger peak cor- Despite the reduced efficiency of the nonplanar arrays
res ponds to the mesa while the three smaller peaks in the center corre- relativthe broad-area planar lasers, an Output power
,pond to the groove and the other two sniall peaks between the mesas of 8 W/uncoated facet from the nonplanar lasers has been
are emission from the hent region observed since the nonplanar lasers can he made very wide

14). 151. It would he desirable to excite the grooves of the
lated from simple diffraction theory assuming in-phase lasers with the GBQWH structure of wafers I and Ill in
coupling between adjacent elements and a center-to-cen- order to increase the efficiency and thus further increase
ter spacing of 8 um at a wavelength of 8260 A 113). The the output power from nonplanar laser arrays. The follow.
error is probably due to the emission from the grooves. ing section offers an analysis of the experimental data
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given in this section. which aids in the understanding of
these lasers arrays and may lead to a solution which will (a)

allow more uniform emission across the width of the ar-
ray.

IV. DISCUSSION a ..

In an effort to explain the widely varying near-field pat-
terns of the lasers from the different wafers, we developed 00 20 40 60 80

a simple analytical model of these arrays. This periodic Lateral Ostance jm.

laser array structure is essentially a periodic variation of (b)

the channel guide structure [ 141. which has been modeled Fig 6 (a) Schematic of the active region. (hi Refractive index prtflle used

by Yang et at. [15]. For simplicity, we assumed a uni- to calculate the optical mode, of the laser The t direction is perpendic-

form gain distribution across the entire array, so only the ular to the junction. and the v direction is lateral to the iunction The
center region corresponds to the ntesa region, while the edges correspond

real part of the index of refraction is used in the calcula- to the groove, and n, and n, are defined it the text

tion. The spontaneous emission patterns below threshold
indicate this is a good assumption well below threshold
for lasers from wafer II. a fair assumption for lasers from dex in the bent region is derived from first-order pertur-
wafer I, and a poor assumption for lasers from wafer Ill. bation theory (201, which approximates the perturbation
Since this assumption is not always valid below threshold to the effective index as
and is in general not valid above threshold 1161. the cal- = (F n F) (3)
culated fields presented here cannot be taken as definitive,
but the calculation does provide information which helps where -In x) is the change in refractive index at the point
to determine the waveguiding mechanism for the various v in the bent region due to the displacement of the wave-
array structures. Fig. 6 shows a schematic and assumed guide by a distance along the x direction of .\ = v tan 0
real refractive index profile of one period of the structure. where 0 is the angle the bent region makes with the v axis
The x direction is defined to be perpendicular to the junc- and F is the unperturbed solution of ( I ). The refractive
tion. and the v direction is parallel to the junction. We index profile of Fig. 6 is used to solve for the lateral field
derived the real refractive index profile of Fig. 6 using the variations by solving the one-dimensional field equation
effective index approximation 1)5)-1 181 as follows. First. G/ + ,
the effective index is found in the mesa and groove re- JG = 0 (4)

gions by solving for the effective index n, for the structure where n, is the effective index for the lateral waveguide
perpendicular to the junction: along the v direction and G contains the v dependence of

dF/dx + = 0the electric field. The boundary conditions of 141 require
both the field and the derivative of the held to be contin-

where k,, is the free space propagation contant, ti(x) is uous at the period boundaries. The near-field intensity is
the refractive index as a function of position with x = 0 taken to be the electric field squared. The far-field pattern
at the center of the active region, and F describes the x for a single element is calculated in the usual way, using
dependence of the v component of the electric field. as- the Fourier transform of the near-field pattern, and the
suming TE polarization. The index of refraction of Al- inclination factor ts taken to be equal to cos 6 1211. The
GaAs was taken to be a linear function of aluminum com- far-field pattern was not calculated for lasers from wafer
position, with n = 3.1 for a 0.85 aluminum mole fraction. 11 since the elements were phase locked.
n = 3.51 for a 0.20 aluminum mole fraction, and n = The calculated near-field pattern of the in = I mode of
3.36 for a 0.40 aluminum mole fraction 1191. The index one period for lasers from wafer I is shown tn Fig. 7. As
in the middle of the bent region is assumed to be the re- expected, the emission is only expected in the mesa. in
fractive index of Al, Gal ,As (. = x, ). n, . at the laser agreement with the measured data of Fig. 2. The decree
wavelength. so n = 3 I for wafers I and Ill and , = of confinement to the mesa was relatively independent of
3.36 for wafer II. The solution of ( 1) gave n, = 3.28 for mode number, other mode., are also virtually confined to
wafers I and Ill and n, = 3.4 for wafer II. A measure of the mesa. This calculation show,, that a dil'erence in width
the index step is n, - ,. which is much larger for lasers between the mesa and the groove will tend to confine the
with x, = 0.85 than for lasers with x, = 0.40. The smaller optical field to the wider of the two regions, assuming
index step of lasers from wafer il (x, = ).40) allows the gain-giding effects are negligible. For a mesa width of
adjacent elements to couple. explaining the much sharper 3 6 kam and a groove width of 3.2 tki. the field is \ irtuall\.
far-field peaks of those lasers. A transition region of index confined to the mesa for lasers from wafer I since the in-
is assumed tor the edges of the bent regions. and this in- dex step for r, = 0.85 lasers is relatively large. In addi-
dex profile is calculated as tion. the observed gain variations between the groove and

v2) )mesa as determined by the spontaneous emission data for
lasers from wafer I will tend to confine the field to the

This approximate method for calculating the effective in- mesa since the gain was slightly higher in the mesa than
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Corrugated Sustrate fact that the larger grooves in wafer III deviate more fromPenochc Laser Array

Calculated Near Field a perfect (100) surface than the smaller grooves in lasers
*S . 3.6 m from wafer I. The shape of the growth in the groove de-
wgm* , 32 um
xc -08SGBQWH pends on the relative sizes of the grooves and mesas [6].
M.1 The far-field pattern calculated from the near-field pat-

1 5 1 tern of Fig. 7 (the in = I mode) is shown in Fig. 8, with
peaks at +90 and a zero normal to the facet. Since the

1,0~ 1 measured far-field pattern of lasers from wafers I and Ill
0 odoes not have a zero at 00. the m = I mode of a wave-

\-/ / I guide confined to the mesa is not an adequate description
Z 0,0 of the laser. Although there is no structural variation in

.. .. .the center of the mesa to form two waveguides in the-0 5 , . . .

0 1 2 3 4 5 6 7 8 mesa, a carrier-induced reduction of the index of refrac-
Distance (pr) tion at the center of the mesa, where the optical field is a

Fig. 7 Calculated near-field pattern of the n = I mode for an r, = 0 85 minimum, can form two waveguides in the mesa [231.
GBQWH :aser with a mesa width of 3 6 j.m and a groove width of 3.2 The far field implies that two coupled waveguides are
gm (wafer 1). The center region corresponds to the mesa. and the outer formed on the mesa. If two coupled waveguides are
regions correspond to the groove, as indicated by Fig 6. The emission
is -.tronglv confined to the wider mesa region. formed, it is possible for them to couple in or out of phase

[241. The observed far-field pattern probably results from
in the groove. From a comparison of the efficiency and a superposition of the in-phase mode, which has a single
threshold current density of lasers on etched substrates peak at 0'. and the out-of-phase mode. which has two
with the lasers on planar substrates from wafer 1. we es- peaks at + 16' and a null at 0', for a center-to-center
timate that 56 percent of the total current is injected into spacing of 1.5 lm [131, which is the distance between the
the groove, with 44 percent injected into the mesa. As a peaks on the mesa. The variation of the depth of the min-
result, we conclude that two effects are responsible for the imum at 0° for different diodes results from a variation in
confinement of laser emission to the mesas for lasers from the fraction of power in each of the two modes. We have
wafer I. First, the larger width of the mesa relative to the observed that it is more difficult to force a zero in the
groove tends to confine the field to the mesa region. Sec- center of a smaller mesa since the entire mesa experiences
ond. slight gain guiding. indicated in the below threshold gain. Thus. for lasers from wafer I11 with smaller mesas.
spontaneous emission pattern, will tend to confine the field the in-phase mode is expected to dominate, and the min-
to the mesa. imum at 0' is washed out [241.

The gain variation between the mesa and groove is a For lasers from wafer I1, the calculation shows that the
result of the nonuniform current injection between the smaller real index step anrr( v.) between the mesa or
mesa and groove, as indicated by the threshold current groove regions and the bent regions results in reduced
density comparison between planar lasers and etched sub- sensitivity of the near field to asymmetry between the
strate lasers, as described above. The relatively small mesa and the groove. For a laser from wafer 11 with the
variation in current density between the mesa and the same mesa and groove widths as for the lasers from wafer
groove can lead to a situation in which the gain in the I. the calculated near-field pattern of both the n = 0 mode
mesa is much larger than the gain in the groove since the and the in = I mode has substantial emission in the
gain is highly sensitive to the number of carriers injected grooves. The m = 0 mode is shown in Fig. 9 This cal-
into the quantum well [22). We have solved (4) using a culation agrees qualitatively with the observed reduced
complex effective index to estimate the effects of gain emission in the grooves relative to the mesas of lasers
variations on the near-field pattern. If the gam in the mesa from wafer I. There may also be a nonuniformit, in gain
is four times the gain in the groove, the optical field will between the mesa and groove regions. but the sponta-
be confined to the mesa if the gain coefficient in the mesa neous emission near-field pattern indicates that the gain
is assumed to be greater than - 200 cm -'. Given this re- variation is not as great as in lasers from wafers I and Ill.
suit. it is easy to believe that the variation in current den- A waveguide similar to the one described in Fig. 6 is
sity estimated from our data can cause a large enough formed in the bent regions, and this emission was also
variation in gain to confine the optical field to the mesa. observed in lasers from wafer II.
See. for example. 122. Figs. 2 and 31. There are many allowed higher-order modes of the real

For lasers from wafer Ill. (he effect of gain guiding, index waveguide described by the profile of Fig 6. and
which tends to confine the field to the mesa of lasers from the mode which is selected will be determined by the rel-
wafer I1. dominates over the effect of having a wider ative threshold gains of the various allowed modes. The
groove width than mesa width, which tends to confine the refractive index profile of Fig. 6 can be used as a starting
optical field to the groove. These data indicate that the point in a self-consistent calculation (251 of the optical
variation in gain induced by nonuniform current injection near-field pattern when it is safe to assume there are no
is responsible for the confinement of the optical field to gain or carrier-induced index variations across the width
the mesa, The larger gain variation between the mesas of the array. The starting profile should include the gain
and grooves of lasers from water Ill may result from the variation between the mesa and groove which is present
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Corrugated Substrate
PerodicLaserArray lasers from wafer 11. These self-consistent calculations,
Calcuiated Far Field along with mode gain calculations, must be carried out in
w.,..- 

3 6 urn order to explain why the different laser structures select
W~OOie - 3 2 urm

x. 085G8QWH different modes. Such calculations are beyond the scope
M., Iof this work.

5 
V. CONCLUSION

2'0 In conclusion, we have investigated the effects of the
-05- / /structural parameters on the operating characteristics of

, nonplanar laser arrays fabricated bv MOCVD by compar-

ov 0 ing the characteristics of lasers from three different wa-
fers. The lowest threshold current density and highest ef-

545 -35 25 -IS -5 5 15 25 35 45 ficiency are obtained from lasers having a GBQWH
Angle (dlegi structure and a high confining layer aluminum composi-

Fig . Calculated tar-tield pattern for the near-field pattern of Fig. 7. for tion of x, = 0.85. The eficiency of nonplanar lasers rel-
lasers fnom water I. The two peaks at to' agree with the measured data ative to broad-area lasers fabricated from the same wafer
ot Fig 3. but the null at 0' does not agree, which indicates that two depends on the near-field pattern and is lowest if emission
coupled modes are oscillating on the mesa. not the in I mode is totally suppressed in either the mesas or the grooves.

There are two effects which will confine the emission to
Corrugated Substrate the mesa region or the r r First, the emission
Periodic Laser Array troove reion.F
Calculated Near Field will tend to be confined to the wider of the two regions

W sa=3 6 14m1.... 3 m because of real index-guiding effects, which are calcu-

,0 40 GOWH lated in Section IV. This effect is more pronounced for
M.0 lasers with high aluminum composition confining layers

1, because of the larger effective index step for such lasers.

Second. the emission will tend to be confined to a region
0 . of higher gain. The effect of gain variations between the

!2 0 5 mesa and groove regions is more important than the effect
- -.. / "of having different widths in the mesa and groove regions,
0 0 as evidenced by the lasers from wafer 11[. which emit in

Z
0s . . ]the mesa region despite the fact that the mesa region is
0 , 2 3 4 5 6 7 8 narrower than the groove region. The relative emission

Distanee(grm) between the mesa and groove regions is very sensitive to
Fig 91 Calculated near-held pattern olI the m 0 mode tor an 1 0 40 variations in current injection into the mesa and groove

GBOWH laser with a mesa width ot 3 6 gm and a groove width of ; 2 regions since the gain is a highly sensitive function of
tim fwaler 11) More emission occurs in the grooves than in the calcu- injection current in single-quantum-well lasers 1221. The
lated near-hield patternoI Fig 7 because of the smaller index step n. - -te lateral index step which confines the optical field to the

mesa is a strong function of the confining layer aluminum

below threshold for wafers I and III and should also con- composition .r,. The larger index step in lasers with a high
ta gain and index variations in the bent regions caused confining layer aluminum composition of.t, = 0.85 pre-
by different growth rates in the bent regions [61. As the vents coupling between elements, but the lower index step
current is increased, the allowed lateral modes will begin for devices with.v, = 0.40 allows the elements to be phase
to appear. the actual refractive index profile will deviate locked, explaining the sharp peaks observed in the far-
from the original profile of Fig 6. and new lateral gain field pattern of such lasers. In order to design a laser which
and index variations will be established, which will make will emit with equal intensity in both the mesa and groove
it possible to calculate the modal threshold gains and de- and thus maximize the effienc. of the laser, it is nec-
termine the actual near-field pattern. For example. in la- essary to control the relative widths of the mesa and
sers from wafer I. the two-waveguide structure which groove regions and the relative gain distribution between
seems to be present on the mesa. as indicated by the far- the groove and mesa.
field patterns ot those lasers, is probably formed by self- AC KNOWI1IFW\lvl I

stabilizing effects 1231 since a dip in the optical field is
observed well below threshold. This dip is formed as the The authors would like to acknowledge gratefully T. L.
m = I mode of the starting index profile of Fig. 6 grows. Brock for assistance with mask design and fabrication and

Furthermore. the stability of the near-field patterns is L. M. Miller and T. K. -igman for helpful discussions

probably due to the same self-stabilizing effects [23). and technical support.

Similarly, the n = 2 mode in the groove ofI lasers frorn Ri--ERt-FN(FS
w afer II develops into three stable self-focused w ave- II ) 1, Sipes. IHighl ellicient nenl inii t itri rn ilu ni n ir arn cl

ouides in the groove if lasers from wafer I. which would laer end pumped hhl,, hi cinindictor lise r irri.m Ipl fli 'I

acicount for the multiple peaks observed in the grooves of I,, 47 pp 74 'h lulv I' 19X
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Impurity induced disordered quantum well heterostructure stripe geometry
lasers by MeV oxygen implantation
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Data are presented on stripe geometry AIGaAs-GaAs graded barrier quantum well
heterostructure lasers formed by MeV oxygen implantation and annealing. Low-dose implants
are found to suppress lateral carrier diffusion but do not result in compositional disordering.
High-dose implants form both a semi-insulating and a compositionally disordered region
leading to index-guided buried-heterostructure laser operation. However, the concentration of
oxygen which spreads laterally under the implantation mask during high-dose implants is
sufficient to partially compensate the stripe region for narrow stripe widths and thereby
significantly increases the threshold current.

In recent years, considerable interest has been shown in at a fixed beam energy ( I MeV), current (100 nA), and
impurity-induced compositional disordering of III-V com- implant temperature (26 'C) resulting in the structure
pound semiconductor devices especially in efforts directed shown in Fig. 1. The dose for different samples was varied
towards fabricating index-guided buried-heterostructure between I0' and 1017 cm -:. Following implantation. the
(BH) lasers.' It has been previously reported that a compo- Alo bnGan,(jAs lift-off layer was selectively etched away "' in
sitionally averaged region may be formed by either diffusion: hydrochloric acid, removing the metal mask in the process,
or implantation'' of species such as Zn, Si. Ga. Al, and 0 but without damaging the underlying structure. Capless an-
into AIGaAs-GaAs heterostructures. Implantation has also neals of the implanted samples were performed in the
been employed to eliminate leakage current in laser struc- MOCVD reactor under an arsine overpressure at 850 'C for
tures by the chemical and damage effects of 0, Fe. and H 45 min. SiO, -defined stripe geometry lasers of various
implantation. '- In this letter we report the fabrication of widths were also fabricated from the same MOCVD grown
BH graded barrier quantum well (GBQW) lasers by MeV wafer, for comparison to the oxygen-implanted lasers. Al-
oxygen ion implantation in which we utilize the composi- loyed Ge/Au contacts were formed on the back of the sub-
tionally disordering and semi-insulating characteristics of strate and nonalloved Cr/Au contacts wcr, formed on top of
oxygen-implanted AIGaAs layers. We observe that low-dose the structure. Uncoated devices wt. e tested by using a 2 kHz
implants ( 10Is-10 " cm--2) are sufficient to eliminate leak- pulsed current with a pulse length of 1.5 us. Output power
age current in laser devices by the formation of a semi-insu- was measured using a calibrated silicon photodiode and the
lating region but insufficient to induce compositional disor- near- and far-field radiation patterns were measured using a
dering, thus resulting in gain-guided laser operation, silicon photodiode array as input into a digitizing oscillo-
High-dose implants (l1' cm -) are able to induce compo- scope.
sitional disordering and hence index-guided laser operation In Fig. 2. the threshold current (,h ) versus stripe width
but, as a consequence of the lateral distribution of oxygen for high-dose ( 10'- cm--) oxygen-implanted stripe lasers
under the implantation mask, also partially compensate the (cavity length 457 /im) is shown as solid circles. For com-
stripe region thereby greatly increasing the threshold cur- parison, the threshold current versus stripe width for 406-
rent for narrow stripe widths ( < 5pum). um-long SiO. -defined oxide stripe lasers made from the

A GBQW heterostructure laser" ." was grown in an at- same starting material is also plotted as open circles in Fig. 2.
mospheric pressure metalorganic chemical vapor deposition In the range of stripe widths from 50 to 6 ,. the threshold
(MOCVD) reactor" at a temperature of 800 'C on a Si-
doped GaAs:n (100) substrate. The laser structure consists
of a 0.25 pm GaAs:n buffer layer, a 0.5 ,um linearly graded
(.0.x. 0.85) AI,Ga, ,As:n buffer layer. a 1.0 pm actual.mask ,,th

AI,,.Ga,,,,As:n confining layer, a 1200 A parabolically AGaAs p

graded (0.85,,.x10.20) AI,Ga, ,As:n layer. a 50 A -,pat ,rgron
GaAs:u quantum well. a 1200 A parabolically graded

0.20 x.0.85) AI,Ga, ,As:p layer. a 0.85 pim AIGaAs:n

Al,, . Ga, ,, Asp confining layer. a 0.2,um GaAs:p' contact
layer. and a 0. 1 pm Al,,, ,Ga, 4,, As:p implantation mask lift- GaAs substrate

off layer. Following MOCVD growth. the sample was pat-
terned with a variable stripe width Pb/Cr/Au 1.25
terned 035h avariabestalpe iplatatin mak h c- FIG I Schematic cros% cction it the graded harrier quantum well hetero-
,rn/0 035 limi0.53 im) metal implantaton mask by con- tructure laser gro+n h% MOCVD used in this sltud The region of the
ventional photolithography and lift-off techniques. Ion im- ,)Nsgcn implantation. including the extent oflateral spreadingoflheoxgen

plantation was performed using a Van de Graaff accelerator under the implantation mask. defines an etfective tiripe wdth
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0 oxide i small amount of structure evident in the data of Fig. 3 is an
0 oxygen implanted artifact of the digitation. At lower implant doses, the 1,i

versus stripe width data are essentially the same as those

a shown in Fig. 2. However, no evidence of index-guided laser0o0 0 8 operation is observed in the near-field and far-field patterns- 008 °  8
s for samples irradiated at lower doses or in the SiO, -defined

1;I * stripe lasers.

0 . . . .As we reported previously, high-dose oxygen implanta-0 10 20 30 40 so

Width (j,-) tions l07 cm-) are necessary7 to induce compositional

FIG. 2. Threshold current vs stripe width for both oxygen-implanted grad- disordering in AIGaAs-GaAs heterostructures. Lower dose
ed barrier quantum well heterostructure lasers (10' cm 2 dose, closed cir- implants show no evidence7 of any compositional intermix-
cles) and SiO.-defined stripe lasers (open circles). Thecavity length of the ing as observed by secondary-ion mass spectrometry
oxygen implanted lasers is 457 pm and the length of the SiO, defined stripe (SIMS) measurements. Thus, it is entirely expected that in-
lasers is 406 pm. dex guiding is observed only in the high-dose (10 " cm- 2 )

implanted samples. Favennect has demonstrated that im-

current of the oxygen-implanted stripe lasers decreases plantation of high doses of oxygen into n-type GaAs yields

slightly. However, for narrower stripe widths ( < 5 km), the highly resistive material which is thermally stable at anneal

threshold current of these lasers rises rapidly with decreas- temperatures up to 900 *C. In our earlier work" and in the

ing stripe width. The threshold current of the conventional work by Pearton et al." similar effects in p-type and n-type

oxide-defined stripe lasers is higher overall and decreases AIGaAs, attributed to deep level AI-O complexes, were re-

approximately linearly with decreasing stripe width down to ported. As a consequence, the effective stripe width of lasers

the narrower stripe widths after which it is nearly indepen- fabricated by oxygen implantation is significantly smaller

dent of width. Although the cavity lengths of the oxide-de- than corresponding SiO, defined stripe lasers since lateral

fined stripe lasers and the oxygen-implanted lasers of Fig. 2 current spreading is eliminated by the semi-insulating prop-

are different, this difference leads only to a negligible erties of the oxygen implantation. In these studies we have

(-5%) error in the oxide stripe laser threshold currents.

The emission wavelength (A = 8220 A) is the same for both ed into highly doped AIGaAs layers is sufficient to make the

the oxygen-implanted lasers and the SiO,-defined lasers. In layers semi-insulating. It follows that the effective semi-insu-

the high-dose ( 017 cm-) oxygen-implanted lasers, funda- lating region of higher dose oxygen implantations will en-

mental mode operation is observed in the near-field and far- croach into the masked region of a sample due to the lateral

field radiation patterns from laser threshold to more than spread of the implant species under the mask. Hence, the
total effective stripe of oxygen-implanted devices is signifi-

five times the threshold current as illustrated in Fig. 3, which tyaletha te widthyene implant tin

shows the near-field and far-field patterns for a high-dose cantly smaller than the width delineated by the implantation
oxygn-iplated ase (8um wdth 45 ym engh).The mask, as shown in Fig. I. As a result, the oxygen-implanted

laser devices have a lower threshold current than corre-

sponding SiO, -defined stripe lasers."0 For very high dose
implantations and narrow stripe widths, the spread of the

Far-field oxygen under each edge of the mask will overlap under the
stripe giving rise to a substantial increase in the threshold

Icurrent as observed in the oxygen-implanted laser threshold
data for stripe widths below 5 /m shown in Fig. 2.

In this letter we have presented data on stripe geometry
S.5x, ,AIGaAs-GaAs BH GBQW lasers fabricated by MeV oxy-

' -- gen implantation. In order to obtain index-guided laser oper-
-10 -5 0 5 10

Angle,. degrees ation, high-dose ( 10 7 cm -) implantations, which intermix
(a) the AlGaAs-GaAs layers outside of the stripe and eliminate

Near-field lateral current spreading, are required. The index-guided la-
sers thus formed operate in the fundamental lateral modeIfrom the lasing threshold to over five times the threshold
current. However, the high-dose implants are accompanied
by a significant lateral distribution of oxygen under the im-
plantation mask. For the dose required to induce composi-

iO tional disordering, the lateral spread of implanted oxygen
n 5 10 15 20 25 30

Oin (Pn) partially compensates a significant portion of the laser stripe
(b) for narrow stripe widths ( < 5 pm) and, consequently, the

FIG 3 (al Near-field and (b) far-field radiation patterns at threshold (27 threshold current increases substantially for these widths.
mA) and 5.5 times threshold ( 150 mA) for an oxygen-implanted graded Low-dose implants are found to compensate carriers and
bamer quantum well heterostructure laser ( 10" cm - dose, length 457 pm,
width 8,um). Thesmall amount ofstructure evident in thedata sanartifact thereby suppress lateral carrier diffusion hut are insufficient
of the digitation, to induce compositional disordering.
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MeV implantation masking using an aluminum gallium arsenide metal
liftoff layer

M. M. Ghadiri,ai R. P. Bryan, L. M. Miller, T. Tang, M. E. Givens, T. A. DeTemple,
and J. J. Coleman
Compound Semiconductor .iticroelectronics Laboratory. Unitverotv of Illinois at Urbana-Champaign.
1406 West Green Street, Urbana. Illinois 61801

(Received 22 November 1988; accepted for publication 22 March l989)

An alternative masking method for high-voltage ion implantation masking of compound
semiconductors which incorporates an additional AIGaAs layer between a Pb/Cr/Au metal
mask and the sample to be implanted is described. Following patterning by conventional
techniques and implantation. the AlGaAs layer is selectively etched to remove the metal mask
without damaging the underlying epitaxial structure.

Ion implantation is a standard technique in the fabrica- etching of the AIGaAs metal liftoff layer. The AIGaAs laver
tion process of advanced microelectronic devices as a conse- is much thicker for these demonstration samples than is nec-
quence of the inherent capability to accurately control the essary for post-implanti'tion mask removal in order to be
introduction of dopants and to induce compositional disor- clearly visible in scanning electron micrographs. The pro-
dering' of heterostructures. High-energy (MeV) implants cess has been successfully implemented for AIGaAs layers of
have recently become important in several optoelectronic less than 1000 A. The All content of the AIGaAs has been
applications, such as semiconductor lasers, optical wave- chosenasx = 0.0tovieldashort post-implantation etching
guides, and integrated optics.) ' Masking layers are neces- time while minimizing oxidation of the AIGaAs layer.
sary in order to selectively control the area into which ions The processing steps described here do not place a limi-
are introduced. Metals such as Al. dielectrics such as SiO. tation on the materials used to form the metal ma,4 Ho,..-
and Si N, and photoresists are commonly used as mask ma- ever. we have compared several materials combinations on
terials. ' The use of a metal mask may present difficulties the basis of stopping power. difficulty of evaporation of lay-
due to chemical bonding between the metal and the GaAs. ers of sufficient thickness. ease of liftoff, and expense. We
Furthermore, the substances and processes necessary for re- have found that a multila.er metal mask consisting of Ph/
moval of the mask may damage the structure. Implantation Cr/Au best meets the requirements listed above. A mask of
at high doses and energy may result in target temperature pure gold. in addition to being expensi've. is difficult to pro-
increases which induce chemical changes in photoresist ,:css due to inconsistencies associated with using a conven-
masks. effectively reducing the thickness of the photoresist tional liftoff process to define the mask pattern. Similarly, a
and making removal difficult. Because a thick layer of di- pure lead mask has been found to be porous. allowing pene-
electric will often crack, dielectric masks are not reliable for tration Ci" the implanted .pccies into undesired areas. The
high-energy implantation applications. In order to sur- Ph/Cr Au combination provides the required stopping
mount these difficulties associated with masking for high- power with a thinner Au laer. Figure I is a scanning dec-
energy ion implantation, we have developed a novel method tron micrograph cross section ofa masked region of the sam-
to fabricate a reliable, easily removed implantation mask. As
an integral part of the process, the heterostructure sample is
grown with an additional high composition AIGaAs metal
littoff layer above the desired structure. To define the device
geometry, a thick metal mask is patterned by a conventional .
photoresist liftoff process. Following implantation the
AI(aAs laser is selectively etched away, removing I lie metal Pb as,
mask in the process hut without damaging the underling,,tructure. -

In order to highlight the characteristic,, of this process.

a special sample was prepared by atmospheric pressure
mnetalorganic chemical vapor deposition." The structure.

grown on aI 100) GaAsmn substrate, consists of 1 0.5 ,urn - GaAs

(aAs buffer layer, a 5(X) A AlAs layer, a 0.5 tin GaAs layer. - A'As

and a I !tm Al,,,Ga,,.*As laver rhe AlAs laver is included 's ,
for reference as a marker. This marker laver facilitates a
comparison of the cross section before and after selective

V K; I S, ila linrl clectron riicCro irph r ,,-,,2C h iiifl C l i f 1ili (11 ,iAs-
(IiA" ileterousiruitdiirc "wiih iI t piruled Ph (r .\

1
i rntotd rnzi k Ithe

.I A"s lacr sr\es i is ,I marker Fir leih v i f.iiiu'ru pulrp ius he
I',trin tl iaddress ar k iiL Cliege. (7hanpa1n . tI. ii X. ,,, G , A metal lii'- tT laer in mich ihic, ker !han nece's.tr%
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optical microscopy shows clear featureless surfaces after
etching.

In summary, we have described a novel process to fabri-

- GaAs cate a reliable, easily removed mask for high-energy and
- AlAs marxer high-dose ion implantation. The sample to be implanted is

GaAs substrate grown with an additional AIGaAs metal liftoff layer as the
surface layer, upon which a metal mask is patterned by con-
ventional photoresist liftoff techniques. Following implanta-

, -". . ... tion, the AIGaAs metal liftoff layer and the metal mask are
1 i.m removed by selectively etching the AIGaAs with HCI. Due

to the selective nature of HC! the underlying epitaxial struc-
FIG. 2. Scanning electron micrograph cross-section image of the sample of ture is left undamaged during the removal of the metal mask.
Fig. I after the AIGaAs metal liftoff layer has been selectively removed. In This work was supported by the National Science Foun-
the process, the metal mask is also completely removed without disturbing
the underlying GaAs layer. dation Engineering Research Center for Compound Semi-

conductor Microelectronics (CDR-85-22666), Material
Research Laboratory (DMR-86-12860), and the Naval Re-

pie after deposition of the Pb/Cr/Au ( 12000 A,/300 A/ 1000 search Laboratory (NO0014-88-K-2005).
A) mask by conventional thermal evaporation and photore-
sist liftoff. Following the implantation, the removal of the
metal mask and the AIGaAs cap layer is accomplished sim-
ply by etching the sample in hydrochloric acid for 5 min. As 'I. J Coleman, P D. Dapkus, C G Kirkpatrick, M D Camras, .ird N.

shown in Fig. 2. both the metal mask and the AIGaAs cap Holonyak. Jr.. Appl. Phys. Lett. 40. 904 (1982).
sB Monemar and J. M. Blum, J. Appl. Phys. 48. 1529 (1972).

layer are completely removed. The HCI completely etches 'P D. Townsend, Proc. SPIE 401, 295 (1983).
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(g,,), and the TMGa vapor pressure (PG) allows calcula- 2.0

tion 2' of the vapor pressure of EDMIn, p,, from 81.8 1
g = k (p,; FG + p, F, gG, ,, + gt,,A, (1) )

and, eliminating the chamber-dependent geometrical 1.8 o

growth constant k,14

g=g A, (l +pFI/pGF). 
(2) 1.4

The InGaAs growth rate g obtained from TEM data for 0 1.2

thesesamples is -93 A/min. F, and F, are the EDMIn and .........
TMGa mass flow rates and the vapor pressure of TMGa2 4  0 20 40 60 80 100 120 140
at - 10 C is 39.33 Torr. From these data we calculate a Time (Days)
vapor pressure for EDMIn of 0.56 Torr at 11 *C. This is
consistent with the reported values of 0.7" "Torr at 18 'C and FIG. 2. In,,_Ga,, ,,As growth rates over the period of approximately six

0. 85' 7 Torr at 17 *C. The composition for these InGaAs lay- months for EDMIn and TMGa mass flow rates of 44.2 and 2 sccm. respec-
tively.

ers (x = 0.25) was then extracted from the molar ratio of the
,column III constituents x = pF,/(pF, + pF 0 ).

Quantum well thickness as a function of growth time isQuanum ellthiknes asa fncton o grwthtim is has a stable vapor pressure over the time frame studied and it
shown in Fig. I for samples having nominally 40, 70, 80, 100 has le vaoes o er the tie f s tu a it

120, and 140 A wells. There were two separate growth runs seems likely, based on our continued use of EDMIn, that it
for each of the 80 and 120 A quantum wells. From these data has a stability similar to that observed for TMGa and TMAI.
it is clear that the growth rate of InGaAs using EDMIn is In general, the growth rate is linear with the column III
linear with growth time, indicating complete saturation of precursor mass flow rate 3 in the diffusion-limited growth
the vapor. Additionally, the repeatability of a particular egime (T > 575 tC). qnasubsequenth and otherwise identi-
structure is evidenced by the two sets of 80 and 120 A. quan- cal laser series, the quantum well thickness was kept con-
turn wells. Growth rates for identical samples grown at 575, stant at 70 A while the composition was varied from
625, and 675 *C did not appear to vary with temperature. ln 7 Gaow 3 As to n I4 Gao 0 As by changing the EDMIn

This collection of samples was grown over a six month mass flow rate from Il1 to 102 sm. The emission wave-
period to evaluate the long-term stability of EDMIn. There lengths for these lasers matched those predicted from corn-has been some speculation that EDMIn may rapidly decom- position and thickness data using the vapor pressure data

has eensom speulaionthatEDMn my raidl deom- obtained here for EDMIn. This implies linearity in growth
pose into its constituents, namely, TMIn and TEIn, within obtai her e for EDMIn.rate also with flow rate for EDMIn.
the bubbler over time or when introduced into the source gas
lines if maintained at a higher temperature than the bubbler. The performance of these structures as lasers is a keyThis would probably lead to run-to-run irreproducibility indicator of the quality of the EDMIn source. We have seen

no clear difference in laser threshold current densities for
and long-term instability caused by an evolving vapor pres-
sure. Fry et al.'7 observed with mass spectrometry, however, strained-layer lasers grown wi th raner TMIn or EDMIn
that EDMIn consists of only a single c3mpound, with no and routinely observe values in the range of 200-400 A/cr 2

trace of TMIn or TEIn. We have observed stable lnGaAs for these single-well structures. The lowest threshold cur-
growth rates over a six month period for the growth condi- rent density observed for all of the single-well strained-layer
tions described above, as illustrated in Fig. 2. During this lasers we have fabricated is 127 A/crm2 (955 m cavity, 100time period a large number of other IrlGaAs heterostructure A Ino 25 Ga0 71 As well) from a laser grown using EDMIn.
samples were also grown. These dat4 indicate that EDMIn Threshold current densities for various cavity lengths for

this same laser structure are shown in Fig. 3.

400

160 Lz.00 A
400 x=0.25

120 300

483 .~0

3 60 20010
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20

20 ~100 -
300 S00 700 900 110020 40 60 80 '.0 Cavity Length (m)

Growth Time (sec)

FIG. I In, .. Ga,,., As quantum well width vs layer growth time at 625 C FIG 3. Threshold current denities ror various cavitv lengths for an

The growth rate for each of these wells was 93 A/mi for EDMIn and In,, _.Ga,, .,As-GaAs-Al,,_.,Ga.,.,,As separate-confinement strained-layer

TMGa mass flow rates of 44.2 and 2 sccm. respectively laser with a 100 A quantum well.
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Ethyldimethylindium for the growth of InGaAs-GaAs strained-layer lasers
by metalorganic chemical vapor deposition

P. K. York, K. J. Beernink, J. Kim, J. J. Coleman, G. E. Fernandez, and C. M. Wayman
Materials Research Laboratory. Unit'ersitv of Illinois at Urbana-Champaign. 1406 West Green Street.
Urbana. Illinois 61801

(Received 31 July 1989; accepted for publication 26 September 1989)

The growth and characterization of strained In0 ., Ga,, , As-GaAs-Al, 0 Gaq,() As quantum
well lasers grown by metalorganic chemical vapor deposition using ethyldimethylindium
(EDMIn) are described. A vapor pressure of 0.56 Torr at 11 *C has been extracted from the
growth rates of thin InGaAs layers by transmission electron microscopy. Data on
reproducibility in quantum well size are presented which indicate long-term stability in the
EDMIn vapor pressure. Laser performance in samples grown with EDMIn is equivalent to,
and in some cases better than, those grown with trimethylindium.

Recently, interest in strained-layer InGaAs-GaAs- Epitaxial crystal growth was carried out in a vertical
AIGaAs materials has risen dramatically as a consequence reaction chamber at atmospheric pressure using trimethyl-
of the demonstration of high performance' - '' and long- gallium (TMGa, - 10 *C), trimethylaluminum (TMAI,
lived"' lasers. The consistency with which these lasers can 20 °C), and EDMIn (11 *C). A single bottle of EDMIn was
be grown by metalorganic chemical vapor deposition used in this study and was purchased from Morton Interna-
(MOCVD) seems to be limited only by the reproducibility tional-CVD, Woburn, MA. No special selection, specifica-
of the vapor pressure of the indium precursor. Many tion, additional preparation, or purification was used. Dieth-
groups'" have been successful in the use of trimethylin- ylzinc and silane were used for p- and n-type dopants,
dium (TMIn), which is a solid, at both atmospheric and low respectively. A total hydrogen mass flow rate of 10.2 slpm
pressure, generally by operating the source and associated gave a chamber gas velocity of 3.7 cm/s. The In. , Ga. a As
gas lines at elevated temperatures. However. TMIn is layers were grown with TMGa and EDMIn mass flow rates
known '  to convert from a powder to very large crystals of 2 and 44.2 sccm, respectively, and a V/Il ratio of 147.
over the period of a few months, thereby continually reduc- The laser structures described in these experiments are
ing the surface area available for sublimation. This reduction separate confinement quantum well heterostructures with a
in surface area can make it difficult to maintain a saturated strained InGaAs active region. The growth consists of a 0.25
vapor for high flow rates or over long growth runs. This um n '-GaAs buffer layer grown on a (100) GaAs:n " sub-
results in a lower effective vapor pressure, leading toareduc- strate, 1.5 um Al,),,Ga,,M,,As confining layers, a 2000 A
tion in growth efficiency as well as poor composition control GaAs carrier collection and optical confinement region sur-
and irreproducibility. Ethyldimethylindium (EDMIn) is a rounding the active layer, and a 0.2/pm GaAs p " cap layer.
relatively new organometallic source that has been report- Each laser structure incorporates a single In 0 , Ga,,,As
ed " ' 7 asa potential replacement for TMIn. The compound quantum well with a thickness ranging between 40 and 140
is comprised of an indium atom bonded to two methyl radi- A. The buffer layer and the confining layers were grown at
cals (CH,) and a single ethyl radical (CH,), and has a 720 *C while the temperature was lowered during the growth
vapor pressure" similar to TMIn. In contrast to TMIn, of the GaAs separate confinement region to 625 *C for the
EDMIn is a liquid at room temperature, presumably free of InGaAs quantum well. After growth of the structure, broad-
the problems associated with solid sources. Others" have area lasers were fabricated with oxide-defined 150 um
used the liquid triethylindium (TEIn), primarily at reduced stripes, cleaved into individual diodes, and tested under
pressure because of its tendency to parasitically react with pulsed conditions ( 1.5 ,us pulse width, 2 kHz repetition
the hydrides. A major advantage of EDMIn over TEIn is rate).
that it has a vapor pressure that is approximately an order of Due to the constraint on InGaAs layer thicknesses
magnitude' 7 higher. Bulk In,,,,Ga,,, As-InP structures ( < 200 A) imposed by misfit strain at indium compositions
grown with EDM In have been characterized '

"'' structural- above 0.20,"' bulk crystal measurements of composition and
ly, optically, and electrically and were found to have proper- growth rates are not possible. Initial rough composition data
ties similar to samples grown with TMIn. To our knowledge. and growth rates using EDMIn were obtained for thick lay-
no one has reported the growth of quantum wells or device ers of near lattice-matched InGaAs-lnP. Subsequently,
structures using EDMIn. We describe here the growth of transmission electron microscopy (TEM) was used todeter-
GaAs-Al,,,Ga,,,,As quantum well lasers with a strained mine the quantum well thicknesses for the present laser
ln,, ,Ga,, ., As active region grown by MOCVD using structures. Cross-sectional specimens were prepared using
EDMIn as the indium precursor. Data on reproducibility in standard thinning and mounting techniques and examined
quantum well size are presented which indicate long term ( f 110 1 bright field) 2

.
2 2 with a Philips 420 electron micro-

stability in the EDMIn source vapor pressure. Additionally, scope. No threading or misfit dislocations have been ob-
we have extracted a vapor pressure for EDMIn which is served in any of these cross-sectional specimens. Accurate
consistent with values' ", found by others. knowledge of the InGaAs layer thickness. GaAs growth rate

2476 AppI Phys Lett. 55 (24), 11 December 1989 0003-6951/89/502476-03501 00 e 1989 A-erican Institute of Physics 2476



In summary, we have investigated the growth of 'P. K. York. K. J. Beernink. G. E. Fernandez. and J. J. Coleman. Appl.
strained-layer quantum well lasers using EDMIn as the indi- Phys. Lett. 54,499 (1989).

uD. P. Bour. G. A. Evans. and D B. Gilbert. 3, Appl. Phys. 65, 3340urn precursor. There is no indication that any parasitic gas (1989).
phase reactions that would deplete the EDMIn from the gas 7J. S. Major, Jr.. L. J. Guido. K. C. Hsieh. N. Holonyak, Jr.. W. Stutius. P.
stream are occurring. This is evidenced by linearity in the Gavrilovic. and J. E. Williams. Appl. Phys. Lett. 54.913 (1989).
growth rates with growth time and flow rate. Also, the re- 'W Stutius. P Gavnlovic. J. E. Williams, K. Meehan. and J. H. Zarrabi,

Electron. Lett. 24. 1493 (1988).producibility in growth rates ofIno_,.5 Gao As demonstrates 's. E. Fischer. R. G. Waters. D. Fekete. J. M. Ballantyne. Y. C. Chen. and
long-term stability in the vapor pressure of this source, pre- B. Soltz, Appl. Phys. Lett. 54, 1861 (1989).
sumably due to the fact that the source is a liquid. This indi- "'R. Waters. P. K. York. K. J. Beernink, and J. J. Coleman (unpublished
cates that ethyldimethylindium is stable and does not rapid- data).

"K. J. Beernink. P. K. York. J. J. Coleman, R. Waters. J. Kim. and C. M.ly decompose into the potential constituents, trimethyl- Wayman, Appl. Phys. Lett. 55. 2167 (1989).
indium and triethylindium. Laser performance for samples 'IA. Mircea, R. Azoulay, L. Dugrand. R. Mellet. K. Rao. and M. Sacilotti,
grown with EDMIn ib equiv alent to, and in some cases better J. Electron. Mater. 13,603 (1984).
than those grown with TMIn. 'C. P. Kuo, J. S. Jan. R. M. Cohen. J. Dunn, and G. B. Stnngfellow. AppI.

Phys. Lett. 44, 550 (1984).The authors are grateful to A. Melas, L. M. Miller, M. "K. W. Carey. Appl. Phys. Lett. 64, 89 (1985).
K. Suits, and K. Kuehl for helpful discussions and technical "R. Meyer, D. Griitzmacher. H. Jurgensen, and P. Balk, J. Cryst. Growth
assistance. This work was supported by the Naval Research 93. 285 (1988).
Laboratory (NO0014-88-K-2005), the National Science ". Knauf. D. Schmitz, G. Strauch. H. Jdrgensen, and M. Heyen.J. Cryst.

Growth 93, 34 (1988).
Foundation (DMR 86-12860 and CDR 85-22666), and the "K. L. Fry, C. P. Kuo. C. A. Larsen, R. M. Cohen, and G. B. Stringfellow,
Charles Stark Draper Laboratory (DLH 285419). J. Electron. Mater. 15, 91 (1986).

'"J. P. Duchemin, M. Bonnet, G. Beuchet, and F. Koelsch, Inst. Phys.
Conf. Ser. No. 45. Ch. I. 10 (1979).

"Morton International-CVD, Andreas Melas (private communication).
2"T. W. Matthews and A. E. Blakeslee, J. Cryst. Growth 27. 118 (1974).
2'S. J. Jeng. C. M. Wayman. G. Costrini. and J. J. Coleman. Mater. Lett. 2.

'W. D. Laidig, P. J. Caldwell, Y. F. Lin. and C. K. Peng, Appl. Phys. 44, 359 (1984).
653 (1984). I-K. K. Fung. P. K. York. G. E. Fernandez. J. A. Eades, and J. J. Coleman,2D. Fekete, K. T. Chan. J. M. Ballantyne, and L. F. Eastman, AppI. Phys. Philos. Mag. Lett. 57, 221 (1988).
Lett. 49. 1659 (1986). 2'D. H. Reep and S. K. Ghandi. J. Electrochem. Soc. 130. 675 (1983).

'Y. 1. Yang. K. Y. Hsieh. and R. M. Kolbas. Appl. Phys. 51, 215 (1987). I'M. J. Ludowise. J. Appl. Phys. 58. R31 (1985).
'J. N. Baillargeon. P. K. York. C. A. Zmudzinski. G. E. Fernindez. K. J. 2'K. 1. Beernink. P. K. York. and J. J. Coleman. Appl. Phys. Lett. (to be
Beernink. and J. J. Coleman. Appl. Phys. Lett. 53, 457 (1988). published).

2478 Apol Phys. Let., Vol. 55. No. 24, 11 December 1989 York oral 2478



Dependence of threshold current density on quantum well composition
for strained-layer InGaAs-GaAs lasers by metalorganic chemical vapor
deposition

K. J. Beernink, P. K. York, and J. J. Coleman
Compound Semiconductor Microelectronics Laboratory and Materials Research Laboratory, University
of Illinois. 1406 West Green Street. Urbana. Illinois 61801

(Received 31 July 1989; accepted for publication 26 September 1989)

A series of separate confinement In, Gat _,As-GaAs (0.08 < x < 0.42) strained-layer quantum
well lasers with 70 A well thickness has been grown by metalorganic chemical vapor
deposition. Data are presented on emission wavelengths and threshold current densities (J,,)
as a function of composition. A minimum in Jh of 140 A/cm2 was observed for devices with
In0 .24Ga0 .76 As wells. The dependence of J,h on well composition is explained by a balance
between strain effects and carrier confinement in the quantum well.

The use of lattice-mismatched thin layer structures in oxide-defined stripes on each sample. The substrates were
which the strain is accommodated elastically allows for lapped and polished to a thickness ofapproximately 125,um,
greater flexibility in the design of semiconductor devices, and n-type contacts were formed by evaporating 250 A Ge/
One example is the utilization of strained-layer InGaAs ac- 2000 A Au and alloying for 10 s at 400 *C. Nonalloyed 300 A
tive regions in AIGaAs/GaAs heterostructure laser diodes Cr/1500 A Au contacts were evaporated on thep side. Var-
to increase the available range of wavelengths to A - 1. 1 ious cavity lengths were formed by cleaving, and the result-
pm. - ' Reports of high-power arrays, 4'6 cw reliability test- ing bars were cleaved into individual diodes for testing. De-
ing," and low threshold current devices'" indicate a vices were tested under pulsed conditions (1.5 As pulse
strong future for strained-layer InGaAs-GaAs-AlGaAs la- width, 2 kHz repetition rate) at room temperature.
ser diodes. The potential use of these strained-layer lasers in The emission wavelengths of devices with 815-pzm-long
the 0.9-1.1 /m wavelength range for such applications as cavities are shown as circles in Fig. 1. Devices with the lar-
pumping Er" -doped optical fiber amplifiers,' 2 Nd:YAG la- gest indium fraction in this study (In,, Ga., 8 As wells)
sers, and other solid-state hosts calls for the characterization emitted only very weak spontaneous emission for drive cur-
of these structures to determine the range of practical com- rents up to 2 A and we were unable to measure the wave-
positions and well sizes for a particular application. In this length of this light. There is good agreement between the
letter we report wavelengths and threshold current densities measured wavelengths and the calculated values represented
of broad-area separate confinement heterostructure (SCH) by the line in Fig. 1. The calculation of wavelength follows
strained-layer InGaAs quantum well laser diodes with 70 A that of Pan et aL,' - and accounts for both quantum size ef-
well thickness and indium fractions ranging from 0.08 to fects and the strain-induced shift of the InGaAs band-gap
0.42. The emission wavelengths of these devices agree well energy. The unstrained band gap used in these calculations
with values calculated from a model which accounts for is if,
strain and quantum size effects. A minimum in threshold Eg(InGa, - As) = 1.42 - 1.615x + 0.555x2 eV.
current density Jt is observed for wells with an indium frac-
tion of -0.25, and devices with well compositions in a range
0.16 < x < 0.30 around this "optimum" composition also op- split of the heterojunction discontinuity between conduction

crated with acceptably low threshold current densities. The and valence bands was assumed in the calculation.
trend in J,, is explained by a balance between carrier con- The measured threshold current density Jh as a func-
finement in the quantum well and strain effects. tion of well composition for 815-ptm-long devices is shown in

The laser structures described here were grown by'" me- Fig. 2. Note that all devices with In42 Gao,, As wells failed
talorganic chemical vapor deposition (MOCVD) at atmo-
spheric pressure in a vertical geometry reactor using ethyldi-
methylindium, 4  trimethylgallium, trimethylaluminum, 1.
and arsine. Silane and diethylzinc were used for n- and p-
type dopants, respectively. Each structure consists of a 0.25- ? 1.1
pum-thick GaAs:n buffer layer grown on a (100) GaAs:n 0
substrate, n- and p-type 1.5-pum-thick Al. 2oGan goAs confin- F 1.0
ing layers surrounding a single InGa, ,As A
(0.08 < x < 0.42) undoped strained-layer quantum well cen- 0.9

tered in a 0.2-pm-thick GaAs crrier collection layer, and a
0.2 pm GaAs:p ' contact layer. Six different laser structures 0 ' 0,2 03 0 4 0.5

were grown sequentially with nominal In,Ga ,As well Well Composion, x
compositions of x = 0.08,0.16, 0.20. 0.24, 0.33, and 0.42. FIG I. Calculated and experimental emission wavelengths for 150 815

Standard processing was used to fabricate 150-pm-wide pm" devices with 70 A In, Ga, As quantum wells.
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FIG. 2. Threshold current density J1h as function of well compositinfr 10
150 x 815 pm:" devices with 70 A In, Ga, As quantum wells. ,r

at a value greater than 1.6 kA/cm2, which is off the scale of 0.0 0.1 0.2 0.3 0.4 0.6
Well Composition. X

Fig. 2. The trend in this figure is the same for all cavity (b)
lengths tested. Figure 3 shows the variation ofJdh with cavitylength for devices with Ino.2oGao.,oAs wells. These devices FIG. 4 Factors influencing,: :(a) calculated confining energy AE,,,, for

electrons in the conduction band and (b) critical thickness calculated for
exhibit the usual increase in Jth with decreasing cavity In,Ga, ,As layer sandwiched between GaAslayers (solidline). Quantum

length as a result of proportionally increasing end losses, well thicknesses for this study (open circles) are shown for comparison.

The minimum in J,, versus composition of 140 A/cm2

at an indium fraction of approximately 0.25 in Fig. 2 is ex-
plained by the consideration of two effects. For low indium meV) is only of the order of k T. For these devices, J,, of 1.1
fraction in the wells, the carriers are poorly confined, while kA/cm2 is very high compared to J,, of 265 A/cm2 for de-
for high indium fractions the effects of strain result in in- vices with In,.,, Gao.14 As wells and a confining energy of 75
creased J,,. The two competing effects are shown in Fig. 4. meV. As the indium fraction in the wells is increased and the
For low indium fraction in the wells, the confining energy well is made deeper, the state is better confined, and this
.E,,r between the bound state of electrons in the conduc- operates to decrease J,,. The results for low indium fraction

tion band and the GaAs barriers is small. AEcofr is shown in the wells agree qualitatively with those of Hersee et al. "
versus well composition in Fig. 4(a), and was calculated for AlGaAs-GaAs graded refractive index separate confine-
from the same model as the wavelengths of Fig. 1. From a ment heterostructure quantum well lasers where a steep in-
simple argument concerning carrier distributions, it is rea- crease in Jth was observed as the aluminum fraction in the
sonable to expect that a confining energy of at least a few k T barriers was reduced below 15%.
( - 75 meV) is necessary to have good carrier confinement JIh continues to decrease for wells with indium content
in the well. Smaller confining energies result in a significant up to -0.25. As the indium fraction of the wells increases
portion of the electron population in the active region having beyond this point, the effects of strain begin to adversely
energies greater than the barrier height, and a corresponding affect the laser performance for the 70-A-wide wells of this
higher density of electrons in the barriers. Similar consider- study. Figure 4(b) shows the critical thickness h, calculated
ations apply to the confinement of holes in the valence band, for a sandwiched layer from the mechanical equilibrium
Sut the higher density of states reduces the effect. Since the model of Matthews and Blakeslee. 8 " Circles correspond-
barriers have a much larger volume than the well, a signifi- ing to the 70 k wells of this study are also shown for com-
cantly larger current density would then be required to sup- parison to the critical thickness. For 70-,A-thick wells with
ply the necessary carriers to the barriers to reach a t .shold indium fraction below -0.25, the strained active region
carrier density in the well. For devices with Ino .. tJaO , As thickness is well below the critical thickness as calculated
wells, the electrons are poorly confined since AE, ( 30 from this model. For higher indium mole fractions in the

well, the thickness of the active region approaches or exceeds
300 the calculated critical thickness, and the deleterious effects

of the strain become evident as ,h increases. This may be the

280 ,result of dislocations in the strained-layer active region

240 which act as nonradiative recombination centers.
22 For the 70-,A-thick wells of this study, the lowest thresh-
200 old current density is observed for devices with -0.25 mdi-

um in the well. The combination of well composition and
Igo •thickness for these devices is such that the electrons are ade-

400 600 600 700 600 900 quately confined in the well (4Ef - 160 meV), and the
1-1110 (Wj) thickness of the strained-layer active region is comfortably

FIG. 3 Cavity length dependence of threshold current density for 150./m- below the critical thickness. Note that for all devices with

wide stripe broad-area devices with 70 A In,,.,,Ga,,,,As quantum wells, well compositions in the range from x-0.16 to x-0.33.
Devices with other well compositions exhibited the same behavior NE, f is greater than 75 meV, and the well thickness is be-
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low the calculated critical thickness. The peformance of de- ceed the critical thickness for a sandwiched layer as given by
vices in this range (-0.16--0.33) did not differ dramati- the mechanical equilibrium model of Matthews and Blakes-
cally from those with the "optimal" composition, and only lee.
outside this range is there a sharp increase in J,,. Since the The authors are grateful to R. P. Bryan, L. M. Miller, S.
above discussion of carrier confinement and strain effects M. Langsjoen, M. K. Suits, and K. Kuehl for helpful discus-
would apply to any combination of well size and composi- sions and technical support. This work was supported by the
tion, we expect other strained-layer quantum well lasers Naval Research Laboratory (N00014-88-K-2005), the Na-
with confining energies greater than 75 meV and strained- tional Science Foundation (DMR 86-12860 and CDR 85-
layer thicknesses below the critical thickness to perform 22666), and the Charles Stark Draper Laboratory (DLH
well. This suggests that there is some freedom in the choice 285419).
of well thicknesses and compositions that will yield low
threshold, high efficiency operation at a given design wave-
length.
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having a lower indium fraction in the wclls, these devices still 'Y 1. Yang, K. Y. Hsieh, and R. M. Kolbas, Appl. Phys. Lett. 51, 215
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High-Power Pulsed Operation of an Optimized Nonplanar Corrugated
Substrate Periodic Laser Diode Array

R. P. BRYAN, L. M. MILLER. T. M. COCKERILL, S. M LANGSJOEN. AND J. J. COLEMAN

Abstract-High-power pulsed operation of 14.1 W per uncoated facet (MOCVD) growth on a corrugated substrate is utilized
from an optimized 3 mm wide (510 am cavity length) nonplanar cur- [71-[ 10] to form a nonplanar active region which effec-
rugated substrate periodic laser diode array is reported. Single-step
metalorganic chemical vapor deposition growth over a selectively etched tively inhibits lateral lasing and ASE for the entire array.

corrugated substrate provides suppressed lateral lasing and amplified No additional processing steps, which may result in ac-
spontaneous emission with a minimal number of processing steps. celerated degradation due to the introduction of material
Higher external differential quantum efficiency, slope efficiency, and defects, are required. Data presented within on the high-
output power result from a design optimization with regard to the power pulsed operation (14.1 W per uncoated facet) of
widths of the mesas and grooves of the corrugated substrate. an optimized 3 mm wide corrugated substrate laser array

represent a substantial improvement in device perfor-
M ONOLITHIC multiple-stripe laser arrays have great mance characteristics over previously obtained results on

potential as sources for high-power, high-efficiency similar structures [7], [8], [I1l. We report an increased
operation. Applications for such devices include pumping maximum output power and linear power density; a highly
of neodymium: yttrium aluminum garnet lasers [I], high- uniform emission intensity across the structure, and a 40
speed optical recording, and long-distance transmission. percent improvement in the slope etficiency and differ-
Although the maximum output optical power attainable ential quantum efficiency.
from multiple-stripe laser diodes has increased dramati- The GBQW structures were grown using an atmo-
cally in recent years. high-power operation is limited [2] spheric MOCVD 112] system at 800°C following corru-
by catastrophic optical degradation (COD). By increasing gated substrate preparation described previously [7]. The
the aperture width of a laser diode, the intensity decreases structure consists of a ( 100 ) GaAs : n substrate and buffer
for a given output power and, therefore, the total power layer, a linearly graded AIGaAs: n layer. 1 .0 um
at which COD occurs is increased. However, the maxi- Al0 85Gao 15As confining layers, a 2400 A AIrGa_ , As
mum aperture width is generally restricted to being less parabolically graded (x = 0.85 to 0.20) region, a 50 A
than the cavity length because, as the width of the laser GaAs quantum well, and a GaAs: p contact layer. The
is made larger than the cavity length. lateral lasing and corrugated contours of the etched substrate are maintained
amplified spontar-ous emission (ASE) become significant throughout the epitaxial growth providing uniform for-
and the desired front facet emission is reduced. Lateral mation of the active region (see Fig. 1) [71-191. The non-
lasing and ASE can be suppressed by forming isolated planar active region disrupts the propagation of the lateral
regions of emitters thereby disrupting the propagation of cavity modes and no additional processing or photolitho-
the lateral modes. Previously reported [31-[41 methods for graphic steps are necessary to either define current injec-
achieving isolation require processing steps in addition to tion or to inhibit ASE or lateral lasing after the MOCVD
those required to form the actual array elements and also growth. For comparison, 150 jim wide oxide stripe broad
result in a portion of the array width which does not con- area lasers were fabricated from planar structures grown
tribute to the laser output. In this letter we report opti- concurrently with each of the nonplanar substrates. The
mized high-pocr. fl~n-e'nctcn cy ucfct:,ii of a iaon- devices were mounted p side down in indium solder on
planar multiple-stripe corrugated substrate laser array uti- Cu blocks with multiple Au wires to contact the n side
Izing a graded-barrier quantum well (GBQW) [51. 161 and were tested using a I kHz pulsed current with a pulse
structure. Metalorganic chemical vapor deposition duration of 225 ns. The facets of the devices described in

this letter were left uncoated.
A typical near-field optical intensity pattern from a sec-

Manuscript received July 27 1999. revised October 2. 1989 This work tion of the nonplanar laser array is illustrated in Fig. 2.
was supported in part by Strategic Detense Initiative Organization/IST un-
der Contract DAAL03-97-K.I013 hy the Naval Research Laboratory un- Shown also in Fig. 2 for reference as a dashed line is the
der Contract N(X))i4-88.K 20)5. ind by the National Science Foundation relative size and position of the laser active region. The
Engineering Research Center tor Compound Semiconductor Microelec- observed near-field pattern is uniformly distributed over
tronics under Contract CDR S5-2260h The work ,f R. P Bryan was sup-
ported in part by an AT&T Doctoral Fellowship The work of T M Cock- the entire array width and is stable over a wide range of
enll was supported in part by a Hughes Fellowship. drive currents. Note that the emission is entirely from a

The authors are with the Compound Semiconductor Microelectronics double peak on each mesa 181, 19]. As a consequence of
Laboraiory and the W L Everitt Laboratory. Universiiy of Illinois at Ur-
hana-Champaign. Urhana. IL 01901 the negligible emission from the grooves there is a reduc-

IEEE Log Number 8932611 tion in the efficiency [91 of nonplanar lasers relative to
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3.1 gm ,1.5 fm., mized structure would consist of grooved regions that are
,'- cap as small as possible while still providing disruption of lat-

GaAs:p caP eral lasing and ASE, and of mesa regions that are as large
QWH as possible while still favoring stable lateral mode oper-

ation.
The data in Table I show the upper and lower bounds

GaAs:n substrate of the average threshold current density of the nonplanar
1laser arrays, the external differential quantum efficiency

Fig. 1. Schematic diagram of the nonplanar periodic laser array grown by (both facets), and the light-current (L-I) slope efficiency
MOCVD on a corrugated etched substrate. The uniform MOCVD growth for nonplanar lasers for three different mesa and groove
over the nonplanar substrates results in a nonplanar active region which
suppresses lateral lasing and ASE, and is conducive to the simple fab- width geometries along with the concurrently grown
rication of very wide laser arrays. planar lasers. The upper bound of the threshold current

density was calculated using the area of only the mesa
regions and the lower bound was calculated using the
complete surface area of the devices. For each laser struc-
ture the quantum efficiency and the L-I slope efficiency

.0 of the planar broad area lasers is higher than the efficiency
of the nonplanar lasers. As expected from the discussion

" j }above, the structure having the smallest relative grooveM Vf width most closely approaches the broad area efficiency.
MUM Fig. 3 shows the L-I curve from an uncoated facet of a

typical laser array with a cavity length of 510 sAm, a width
-Iof 3000 A.m, a mesa width of 3.1 Am, and a groove width

4 m of 0.5 Am. The maximum observed power of 14.1 W per
Fig. 2. Near-field intensity pattern at 2 x /,, from a section of a nonplanar facet of these devices is limited by the maximum output

periodic laser array of width I mm and cavity length 510 gm. The widths

of the mesas and the grooves are 3.1 and 0.5 gm. respectively. Shown of our current pulser (40 A) and not by device degrada-
also for reference as a dashed line is the relative position of the laser tion. In principle, output powers in excess of 150 W per
active region. The intensity pattern illustrates the two emission peaks facet could be expected from a device having reflection
per mesa and also the uniformity of the intensity across the device. and antlreetioncting relcrrn

and antireflection coatings [3]. The low threshold current

density of these laser arrays results in a significantly lower
planar lasers which is less, however, than expected from threshold current (2-3 A) for widths up to 3 mm com-
geometric considerations. Although Waters et al. [ I I] at- pared to values reported [3], [41 for multiple quantum well
tributed the reduced emission in the grooves of their de- structures which utilized etched grooves to suppress ASE
vices (200 Am wide mesas and grooves) to an etching and lateral lasing.
problem, we propose an alternative explanation for nar- In summary, optimized nonplanar multiple-stripe cor-
row-stripe structures. Theoretical modeling [13] of these rugated substrate laser array structures grown by MOCVD
structures indicates a nonuniform current distribution re- have been shown to inhibit lateral lasing and ASE as a
suiting from the nonplanar geometry and differing hole consequence of the nonplanar active region. The external
and electron mobilities. This, along with the difference differential quantum efficiency and light-current slope ef-
[91 in the recombination lifetimes in the mesa region ficiency of the optimized corrugated substrate laser array
(stimulated) and the groove region (spontaneous), results represent a 40 percent improvement compared to previ-
in a strong predilection for emission to occur on the mesas ously reported devices [7], [81, [11]. The highest effi-
rather than in the grooves. ciency devices are obtained from laser arrays having the

Increasing the width of the mesas should also increase smallest grooves while still disrupting lateral lasing and
the quantum efficiency of the devices; however, there ex- ASE. This is a consequence of laser emission dominant
ists an upper limit of the width ( - 4 Am) of the mesas, on the mesa, which is a result of the geometry and the
above which the lateral mode is no longer stabilized. Op- nonuniform current distribution. Furthermore, the typical
timization of the overlap between the current distribution maximum attainable output power ( 14. 1 W for a 3 mm
and the optical field should also increase the quantum ef- aperture at 40 A ) and linear power density exceeds our
ficiency. For this structure, the overlap of the optical field nonoptimized devices (8 W for a 3 mm aperture at 40 A)
with the carrier distribution is greater for a fundamental and the best device reported by Waters et al. [ 111 (9.2 W
lateral mode than for a doubled peak mode if one assumes for a 2 mm aperture at 40 A). The optimized structure
a uniform carrier distribution across the mesas. Conse- also resulted in a highly uniform emission intensity across
quently. a reduction of the confining layer composition the device ( ±6 percent of the average value) which is a
[141 with the corresponding decrease in the lateral index marked improvement compared to our nonoptimized de-
step should favor oscillation in a fundamental mode. vices ± 15 percent) and the best device of Waters et al.
However, a lower confining layer composition results in 111 ( ±30 percent). Higher emission uniformity as well
an increased threshold current density. Thus, an opti- as stable near-field patterns may be attributed to index-
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TABLE I

Threshold Current Quantum Efficiency Slope Efficiency
Mesa Groove Density (A/cm2 ) (Percent) (W/A)
Width Width
(Am) (Am) Upper Lower Planar Nonplanar Planar Nonplanar

3.6 3.2 351 158 55 31 0.8 0.5
2.8 3.9 629 223 43 21 0.7 0.3
3.1 0.5 246 166 55 44 0.8 0.7
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ABSTRACT

InGaAs-GaAs strained layer quantum well heterostructure lasers offer availability of emission
wavelengths in the range of 0.9-1.1 l.tm otherwise largely inaccessible with semiconductor diode lasers.
We describe here InGaAs-GaAs strained layer lasers and laser arrays grown by atmospheric pressure
metalorganic chemical vapor deposition (MC'CVD). The growth conditions for preparing these strained
layer structures by MOCVD are presented and time zero characterization of oxide defined stripe broad
area lasers as a function of InGaAs layer composition and thickness, relative to the critical thickness, will
be outlined. Various structures, grown throughout the 0.9-1.1 .m wavelength range and having In mole
fractions from x=0-0.50, are shown to have low broad area threshold current densities (Jth < 200 A/cm 2)
and other characteristics of unstrained quantum well heterostructure lasers. Recent results indicating
highly reliable cw operation of oxide stripe strained quantum well heterostructure lasers are reviewed.

2. INTRODUCTION

The use of lattice-mismatched thin layer structures in which the strain is accommodated elastically, such
as the utilization of strained layer InGaAs active regions in AlGaAs/GaAs heterostructure laser diodes,
allows extension of the available range of emission wavelengths to X - 1. 1 m1- 1 2. The potential use of
these strained layer lasers in the 0.9 l.tm - 1. 1 .m wavelength range for such applications as pumping rare
earth doped optical fiber amplifiers 13 requires the characterization of these structures to determine the
range of practical compositions and well sizes for a particular application. The key practical issue for
these laser devices is the relative stability of the strained layer. When the strained layer active region of
these devices is sufficiently thin, the mismatch strain is accommodated elastically, and the strained layer
remains commensurate with the substrate. Above a compositionally dependent critical thickness 1 4 15,
however, it becomes energetically favorable for the strained layer to relax, forming misfit dislocations
which degrade device performance. There is disagreement 16 over the actual value of the critical thickness,
with some materials study data supporting the mechanical equilibrium model14 of Matthews and
Blakeslee, while other results are in better agreement with the values predicted by the energy balance
model 15 of People and Bean. In this work we have studied the time zero laser characteristics of broad
area separate confinement heterostructure (SCH) strained layer InGaAs quantum well laser diodes with a
fixed 70 A well thickness and indium fractions ranging from 0.08 to 0.42, and a fixed well In-
composition (x = 0.25) and quantum well thicknesses of 100, 125, and 143 ,.
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3. STRUCTURE, EPITAXIAL GROWTH AND PROCESSING

The laser structures described here were grown 17 by metalorganic chemical vapor deposition (MOCVD) at
atmospheric pressure in a vertical geometry reactor using ethyldimethylindium1 8 (EDMIn), trimethyl-
gallium (TMGa), trimethylaluminum (TMA1), and arsine. Silane and diethylzinc were used for n- and p-
type dopants, respectively. Each structure consists of a 0.25-.tim-thick GaAs:n- buffer layer grown on a
(100) GaAs:n substrate, n- and p- type 1.5-.m-thick AIO.2OGa0. 8OAs confining layers, an active region,
and a 0.2-pgm GaAs:p + contact layer, as shown in Fig. la. The separate confinement quantum well
heterostructure active region, shown in Fig. lb, consists of an InxGa.xAs (x - 0.08-0.42) undoped

AlGaAs x-0.20

H-H GaAs
0.5 g±m InGaAs QWH

(a)

GaAs

InGaAs x - 0.05 - 0.45
Lz =50-15oA

(b)

Figure 1

strained layer quantum well centered in a 0.2-p.tm-thick GaAs carrier collection layer. The compositions of
the Lz = 70A quantum wells were determined from the vapor pressure for EDMIn, obtained from the
growth rate of the quantum wells, and the vapor pressure of TMGa. The thicknesses of the x - 0.25
quantum wells for the three samples were measured by transmission electron microscopy using standard
thinning and mounting techniques 19 and were found to be 100, 125, and 143 A. No threading or misfit
dislocations were observed in these cross-section specimens. Standard processing was used to fabricate
150 l.m wide oxide-defined stripes on each sample. Various cavity lengths were formed by cleaving, and
the resulting bars were cleaved into individual diodes for testing. Deviceq were tested under pulsed
conditions (1.5 p.sec pulse-width, 2 kHz repetition rate) at room temperature. Standard processing was
also used to define 60 p.tm wide oxide-defined stripes for cw life-testing. These uncoated devices, 600 4m
long, were mounted junction up on a copper heat sink.

4. RESULTS

Shown in Fig. 2 is the critical thickness for TnGaAs strained layers on GaAs versus In-composition
according to the models of Matthews and Blakeslee 14 (dashed line) and Peoples and Bean 15 (solid line).
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Shown also for reference in Fig. 2 are data points corresponding to this work for six 70A quantum well
laser structures having varying composition (squares) and for three x - 0.25 laser structures having
varying well widths (circles). The measured threshold current density, Jth, as a function of well
composition in the range x = 0.10-0.40 (Lz = 70A, length 815 gm) is shown in Fig. 3. All of the devices

10000
---- Matthews and Blakeslee 5o815 m Cavity Length

MPeople and Bean

o 400
U) 1000 400

•300

100

0200

10 100

0.0 0.2 0.4 0.6 0.8 1.0 0.1 0.2 0.3 0.4

Composition, x Well Composition, x

Figure 2 Figure 3

with compositions outside this range had threshold values greater than I kA/cm 2. The minimum in Jth
versus composition of 140 A/cm 2 at an indium fraction of approximately 0.25 in Fig. 3 is defined by poor
carrier confinement for low indium fraction in the wells and the deleterious effects of strain at higher
indium fractions in these fixed well size structures. The result at either limit is manifest as an increased Jth.
The results for low indium fraction in the wells agree qualitatively with those of Hersee 20 for AlGaAs-
GaAs graded refractive index separate confinement heterostructure quantum well lasers.

Shown in Fig. 4 is threshold current density versus quantum well thickness for four cavity lengths of three
laser structures having a well composition of x - 0.25 and thicknesses near the Matthews and Blakeslee
critical thickness. These lasers show time zero laser threshold current density increasing with thickness
from below 150 A/cm 2 (Lz = 100A, length 950 ptm) to more than 300 A/cm 2. Life-testing on these three
structures was performed at constant power on 60 ,im oxide stripe devices operating cw at 60 mW per
uncoated facet. The results of the life-test of lasers with Lz=100A are shown in Fig. 5. All of the devices
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fabricated from this material are still operating with only a gradual increase in current, comparable to other
InGaAs strained layer lasers reported earlier21-23. In contrast, the performance of the 143A quantum well
devices exceeded the current doubling limit in under 100 hours. The performance of devices with 125 A
wells was intermediate between these two extremes. These data suggest that the maximum practical
thickness for InO.25 GaO.75As quantum well active regions is more accurately predicted by the model of
Matthews and Blakeslee, and well below the value of - 265 A predicted by People and Bean for this
composition.

5. SUMMARY

In summary, we have reviewed results of time-zero characterization of strained layer InxGal.xAs-GaAs
quantum well heterostructure laser diodes with 70-A-thick wells and indium mole fractions between 0.08
and 0.42 and with nominal InO.25GaO.75As well compositions and 100, 125, and 143 A well thicknesses..
The data support the design criteria for low threshold operation of strained layer InGaAs-GaAs quantum
well lasers that the indium composition in the well must be sufficient for effective carrier confinement in
the conduction band, and the strained layer active region thickness should not greatly exceed the critical
thickness given by the mechanical equilibrium model of Matthews and Blakeslee. Within these design
constraints, long lived, very low threshold strained layer lasers (X - 1 Lrm) are realizable.
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Effect of confining layer aluminum composition on AIGaAs-GaAs-lnGaAs
strained-layer quantum well heterostructure lasers

P. K. York, S. M. Langsjoen, L. M. Miller, K. J. Beernink, J. J. Alwan, and J. J. Coleman
Compound Semiconductor Microelectronics Laboratory and Materials Research Laboratory,
University of Illinois, 208 North Wright Street. Urbana. Illinois 61801
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Data are presented on laser threshold current density and emission wavelength of
strained-layer InGaAs-GaAs-AlGa t - As single quantum well lasers having confining layer
aluminum compositions in the range 0.20<x<0.85. A decrease in threshold current
density with increasing confining layer composition is related to the increased confinement
factor of the waveguide structure. An increase in the laser emission wavelength is
observed as a consequence of reduced bandfilling.

The existence of elastically accommodated strain in strained InyGaI - ,As active region, and a 0.20 .tm
thin layers of InGaAs sandwiched by bulk (AI)GaAs GaAs:p + (2 x 1019 cm - 3) contact cap layer. The n-type
brings about several important modifications to the confining and GaAs barrier layers were doped IX 1018
InGaAs energy band structure. These changes can lead to cm- 3 and I X 10 16 cm - 3, respectively, using silane. The
improved performancel - 3 in strained quantum well lasers p-type barrier layers were doped 5X 10 17 cm - 3 with dieth-
as compared to conventional, unstrained quantum well la- ylzinc (20 *C). The 0.20 and 0.40 p-type confining layers
sers. Most notable are expectations of a lower transparency were doped I X I018 cm - 3 with diethylzinc and the 0.60
current and therefore lower threshold current density,' and and 0.85 confining layers were carbon autodoped to
an increase in the modulation bandwidth4'5 through supe- _ 1)× 1018 cm - 3. The buffer and confining layers were
rior differential gain." 7 These features arise primarily grown at 800 *C while the InGaAs active region was grown
through a strain-induced decrease in the in-layer-plane ef- at 625 *C. The temperature was lowered to 720 'C at the
fective hole mass and consequently a reduced valence-band start of the GaAs:n barrier layer and raised to 800 *C after
density of states, but may be somewhat offset by a greater the end of the GaAs:p barrier layer to avoid long pauses at
tendency for nonradiative recombination mechanisms in the quantum well interfaces. The temperature was also
lower band-gap alloys such as InGaAs.8 Excellent perfor- ramped from 720 to 625 "C (625 to 720 C) during the
mance has been reported recently by many authors9"'8 with growth of the GaAs:n (GaAs:p) barrier layer. The
a variety of confining layer AlGaAs compositions, carrier GaAs:p - cap layer was grown at 650 *C to facilitate the
collection (barrier) layer (AI)GaAs compositions, incorpotation of zinc for a low-resistance ohmic contact.
InGaAs quantum well active regions, and growth param- Two sets of Ino.25Gao.75As single quantum well laser
eters, both by metalorganic chemical vapor deposition structures were grown, one with 70 A4 wells and one with
(MOCVD)I 0' 14.1" s8 and molecular beam epitaxy. 9, "' 5 In 100 A& wells. Both of these well sizes are less than the
this letter, we show data that define the relationship of the critical thickness of - 105 A predicted by' 9 the Matthews
laser threshold current density and emission wavelength of and Blakeslee model. Each set is comprised of four
strained-layer InGaAs-GaAs-AlrGa, - As single quantum growths, identical except for the confining layer aluminum
well lasers to aluminum composition (0.20<x<0.85) in composition, which is 0.20, 0.40, 0.60, or 0.85. Composi-
the confining layers. We observe a decrease in threshold tions of these strained InGaAs layers were initially esti-
current density with increasing confining layer composi- mated by the molar ratio of the column III constituents in
tion related to the increased confinement factor of the conjunction' 7 with accurate transmission electron micros-
waveguide structure. These observations are then directly copy layer thicknesses. Accuracy of the composition was
correlated to an increase in the laser emission wavelength
as a consequence of bandfilling effects, which is pro-
nounced in these quantum wells due to the reduced 02m-- I~1- Asam -As
InGaAs density of states. 2-8

The laser structures here were grown by MOCVD at
atmospheric pressure in a vertical geometry reaction cham-
ber using trimethylgallium ( - 10 *C), trimethylaluminum
(20°C), trimethylindium (17*C) or ethyldimethylind-
ium7 ( 11 'C), and arsine. The .tructures are shown sche-
matically in Fig. I and consist of a 0.25 gm GaAs:n n0'Ga 0 Aa
buffer layer grown on a (100) GaAs:n substrate, 1.5/zsmAfGa As confining layers, whe,'e x vanes between 0.20 FIG. 1. Schematic diagram of a separate confinement laser structure witha single strained 70 or 100 Inn25Ga, 7, quantum well. GaAs carner
and 0.85, O 10gm GaAs carrier collection and optical con- collection layers, and AI,Gaj ,As confining layers having x = 0.20, 0.40.

finement barrier layers on either side of an elastically 0.60. or 0 85.
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FIG. 2. Laser threshold current density vs aluminum confining layer FIG. 3. Calculated values for the inverse optical confinement factor r-'
composition x for separate confinement lasers with 70 A. (circles) or 100 vs aluminum confining layer composition x for separate confinement la-
A (squares) ln0 2 5Ga o., quantum wells. The diode cavity lengths are sers with 70 A (open circles) or 100 A (filled circles) 1no,2 GaO75 quan-
-800 um for each laser. turn wells.

confirmed by comparing actual laser emission wavelengths be seen by comparing Figs. 2 and 3 that the decrease in the
to calculated ones. Calculation of the wavelength is similarto tat f Pn eal.0 ad acouns fr bth uanum ize threshold current density essentially follows the decrease into that of Pan et a/.2 and accounts for both quantum size r-1

effects and the strained-induced shift of the InGaAs band-
gap energy, assuming a 70/30 split of the heterojunction nied in these structures by an increase in the laser emission
discontinuity between the conduction and valence bands. wavelength, which ranged between 9700 and 10 100 yAa for
This method is self-consistent, although the absolute value thel70 A which and bt900 and 10 100 A

of he ompsitonmaybe ligtlyof du toappoxia- the 70 A wells and 10 200 and 10 500 A for the 100 Aof the composition may be slightly off due to approxima- wells. The emission wavelengths shifted to longer values,

tions in the model and some uncertainty in the band struc- with The emision beng shifted t lo values ,

ture parameters required for the calculations. with the total shift being 300-400 k, from values observed

Broad-area devices were fabricated with oxide-defined for lasers with Al 0 2 0GaO.8 0As confining layers to those ob-
s various served for lasers with Al0 85 Gao.15As confining layers. The

len0thsm-andestrip e c led cintione s of 1transition energies corresponding to these emission wave-
lengths, and tested under pulsed conditions (1.5 ps pulse lengths are, therefore, decreasing with increasing alumi-

width, 2 kHz repetition rate). The threshold current den-
sities Jit for both the 70 A (circles) and the 100 A num composition, as shown in Fig. 4 for both the 70 andsites th or oththe70100 A Ino25Gao.75As quantum well lasers. The electron
(squares) 1n0 .25Gao7 5 As single quantum well lasers are 100 ma ( n GAs eureases fo n

plotted as a function of the aluminum composition in the effective mass (y) in InGa -,As decreases for in-

confining layers in Fig. 2. The cavity lengths for these creasing indium content which brings about a reduced
diodenn es ar in800 im. to avoidThocavity ects.rthe conduction-band density of states as compared to GaAs.
diodes are -800 m to avoid short-cavity effectsf Jh Consequently, band filling becomes pronounced' 6 for in-
decreases significantly as the composition is increased from creasing carrier injection levels, shifting the laser transition0.20 to 0.85 in the confining layers. Th is trend w as ob- en r y E u f om t e q a um w l b u d s a e e e g .energy E up from the quantum well bound state energy.
served for all cavity lengths tested (300-800 1m). A de- For a quantum well of thickness L, the change in laser
crease in threshold current density with confining layer transition energy AE caused by bandfilling can be
composition is expected from the increase in the optical described in terms of the observed change in the quantum
confinement factor r due to the lower refractive index in well current density. The injected density n and the thresh-
layers with higher aluminum composition. This is evi- old current density are of course related by
denced by the usual expression for the threshold current
density in the low current range where the gain is a linear Jth=qnL2 /r. (2)
function of current density:

o I 1 )The emission energy is determined by the positions of the

Jh = +  )( In + a),. (I) quasi-Fermi levels which, in turn, are determined from

Here, JO is the transparency current (A/cm 2), i is the
internal quantum efficiency, f is the gain coefficient (cm/ 30
A), L is the laser diode cavity length, R is the facet reflec- ,28 0 0 OA

tivity, and a, represents the internal optical loss (cm ). - ,0

The optical confinement factors were calculated for each of 1 24 0
the eight structures using a five-slab waveguide model 22  I i

taking into account the index of refraction of each of the W 2 g

confining and barrier layers at the appropriate emission ,'8
wavelength. Calculated values for the inverse of the optical ,0, 0 0 2 04 0 6 0 0

confinement factor are plotted as a function of the con- Comoostionx

fining layer composition in Fig. 3. The optical confinement FIG 4. Laser transition energy vs aluminum confining layer composition

factor varies22 roughly linearly with the quantum well size. x for separate confinement lasers with 70 A tcircles) or 100 A (Squares)
as indicated by the larger values for the 100 A well It can lno2sGan71 quantum wells.
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Modeling of Quantum-Well Lasers for Computer-
Aided Analysis of Optoelectronic

Integrated Circuits
DAVID S. GAO. S. M. (STEVE) KANG. FELLOW, IEEE, ROBERT P. BRYAN,

AND JAMES J. COLEMAN, SENIOR MEMBER, IEEE

Abstract-A two-port circuit model for quantum-well (QW) lasers have been calculated from positions of quasi-Fermi levels
has been developed from rate equations. With emphasis on the physical in the active region. Both the spontaneous and the stim-
principles, the phenomena of the recombination process of electron- ulated emission currents are modeled with appropriate
hole pairs and the light wave resonance in the active region have been
incorporated into this new model. Our model has been implemented nonlinear circuit elements. In order to allow the optical
into a circuit simulator and validated with measured dc and transient resonator of a quantum-well laser to be represented by an
laser characteristics. The frequency effects on the modulation prop- equivalent circuit which consists of dependent current
enies of QW lasers have been studied and analyzed using a small-signal sources and RC components. active Fabry-Perot resona-
model. Simulation results show excellent agreement with experimental tor analysis is used in deriving an analytical formula to
data.

describe the relation between the photon density in the
optical cavity and the output light intensity. The output

I. IIRODUCTION light power is expressed in terms of an output node volt-
S EMICONDUCTOR lasers (especially quantum-well age in the circuit simulation. As a result, the rate equa-

lasers) are desirable sources in optoelectronic inte- tions of a quantum-well laser can be represented by a two-
grtcd circuits fcr optical communication systems and op- port coupling circuit. A similar small-signal model has
tical interconnections in large computer systems. Thus, also been derived from the same set of equations and as-
the detailed analysis of the characteristics of semiconduc- sumptions. which is useful in the analysis of modulation
tor lasers as light sources is crucial to the design of op- properties of quantum-well lasers in the frequency do-
toelectronic integrated circuits (OEIC) and systems. Cir- main.
cuit simulation could be a powerful tool for the design and
analysis of optical interconnections I I. Therefore, ac- II. ANALYSIS OF RATE EQUATIONS

curate circuit models for optical devices such as semicon- In general. circuit simulators are based upon constitu-
ductor lasers are necessary for the analysis of dynamic tive relationships of circuit element models for the indi-
properties of OEIC circuits and systems. vidual devices comprising the integrated circuit. Device

The issue of modeling the semiconductor laser with cir- modeling for circuit simulation is an indispensable link
cuit elements has been addressed by several authors. Pre- between new technology and computer-aided circuit anal-
viously reported laser models are limited to conventional ysis. The basis of circuit modeling ts to transform the fun-
double heterostructure lasers [21-[6]. There is a need for damental theories of device physics into a form which is
a suitable model for quantum-well lasers, which repre- solvable by the circuit simulation program. The circuit
sents a mort -gical choice of semiconductor laser tech- simulation environment imposes certain requirements on
nology tor integrated optoelectronic circuits [7], [81. the formulation of model equations. All nonlinear ele-

In this paper. we propose a new circuit model for quan- ments adopted in the model must be described by analyt-
turn-well lasers derived from rate equations. For the large- ical closed-form functions of circuit variables which have
siegnal model. the gain function and the carer density at least continuous first-order derivatives. Any given

model, such as the quantum-well laser model. should also
Manuscript received August 7 1989: revised February 20. 1990 This be compatible with other models in a circuit simulation

.ork was ,uDported by the Nationai Science Foundation Engineering Re-

.earcn Center for Compound Semiconductor Micmelectronics under Con- environment. Therefore. certain assumptions are neces-
tract NSF CDR 95-2666. by the National Science Foundation under Con- sarv to satisfy these requirements.
tract ECD ,9-311 i) v The Joint Services Electromnics Proeram under
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The juthors are with the Department or Electrca and Computer Eneg- The electrical and optical properties of the active region
leering anid !he Center tor Compound Semiconductor M1icroelectronics,
f nvermy )i Ilinois. Urbana-Champagn. Lrbana. IL 1801 of a quantum-well laser can be described by the well-

IEEE Log Numiner 14035992 known rate equations [9]. [ 101. A general-purpose circuit
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simulator can solve a large set of first-order differential TABLE I

equations with node voltages as state variables. Since the DEFINITIONS OF TERMS

rate equations consist of only first-order differential equa- Termninology' Definitions
Sc speed of light in vacuum

tions. they can be solved by a circuit simulation program e speed of light in the lsing medium

provided that the rate equations can be represented by an E, energy level of the first conduction subband in the quantum.wed i
equivalent circuit model with proper mapping of physical E., energy level of the first valence suband in the quantum-w.eU

E!, quasi-Ferm level in the conduction band
quantities into circuit variables. The single-mode rate E,, qu&si-Ferm levei in the valence band

equations are expressed as E, energy bandgap of the laser Matenai
El energy gap between two subbands
E,., photon energy

dn I- ,Soptical g n
=- --- - rps Planck constant divided by 2r

dt qNL: injected current density
k Boltzmn constant
L length of the laser

dS ,nS L, thictness of a single quantum-well
-- =gmS - (2 ,. effective mass in the conduction band
dt T

ph ns, mass of an electron
M., effective mass in the valence band

Readers are referred to Table I for the variable definitions. N nuiber of quantum-wells
In general the photon density S, charge density n, and K reractive index

optical gain g,, are functions of their lateral positions in q charge of an electron
S photon density

the optical waveguide. But. in (1) and (2). these three w width of the metal contact on the laser
quantities simply represent the corresponding average 3 spontaneous emission coupling coetficient

values. r optical confinement factor

8 conventional band-to-band recomoination coeffcient

Equation i1) requires that the current flow into the ac- d perrmttivity of free space

tive region, minus the current lost to spontaneous and radian frequency

stimulated emissions, is equal to the time rate of change PA photon life tie

for the charge density in this region. Similarly. (2) re-
quires that the time rate of change for the average photon density in the quantum v.ell is determined by
density in the Fabry-Perot resonator is equal to the sum m T E E
of spontaneous emission and stimulated emission minus , kT r F "n - r I

the absorption in the active region. rh2L I kT 3
Since most of the radiative recombination in a laser is In (3) the charge density is now expressed in terms of

likely to occur in the region of the quantum-well under quasi-Fermi levels and the spontaneous emission term is
the metal contact. we assume that the volume of the active
region can be approximated by the dimensions of the also described in terms of quasi-Fermi energies.
quantum-well under the metal contact. The portion of the The stimulated emission term in () can be expressed
optical field outside of the active region is accounted for as rc'gS, which depends linearly on the photon densityby the confinement factor 1". present in the active region. The confinement factor I de-
by t opends on the geometry and the material composition of

the laser, and will be discussed in the next section. The
B. Spontaneous and Stimulated Emissions optical gain g. is a complicated function which depends

not only on the geometry and material composition of the
To construct a circuit model, it is important to find an- device, but also on the driving current. A key step of this

alytical expressions for all nonlinear model elements. In work is the derivation of a closed-form analytic expres-
(1) and (2). the spontaneous emission term has quadratic sion for g, Instead of assuming that the optical gain q,
dependence on carrier density when dominated by the di- depends linearly on the carrier density, we have calcu-
rect band-to-band electron-hole recombination. B can be lated g,, in order to provide a stronger connection to the
determined from experimental data [11]. It is necessary physical phenomena of quantum-well lasers Originally.
then to find an analytical form for n. the carrier density. this method was developed by Lasher and Stern [ 121 to

In our quantum-well laser model. we assume that the calculate transitions in bulk GaAs material and later ex-
coupling between adjacent wells is weak. the potential tendec bv several authors to transitions in a quantum well
barrer is sufficiently high. then the quantum well can be [9l. [131 1141 In our calculation band-to-hand stimulated
described as a one-dimensional ( z direction ) square well recombination Is assumed to be dominant between the first
Then the quantized subband energy levels can be approx- electron and heavy hole states and the light hole effect is
tmated as the energy level derived from a one-dimen- neglected. When the recombination is dominated by the
sional infinitely deep potential well model. If the hulk band-to-band recombination. the optical gain derived un-
band energies can be approximated to be parabolic in the der k-selection rules is given bv
.r and v directions. the densities of states in the conduction
and the valence bands are step like If only the lowest E,_, = , -f (E,,. E') - ( E,,.. E' )1 dE. 141
order quantum transitions are considered. the electron
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Here P d is the reduced density of states, I M I is the tran- marily use node voltages as circuit variables. We assume
sition matrix element. fc( Ef, E') and f, (E/,, E,) are the that the potential difference between two quasi-Fermi lev-
Fermi distribution functions in the conduction and va- els is equal to the applied voltage.
lence bands, respectively, and E, and E,, are given as If the quantum well is made of intrinsic material and

•-Ethe charge neutrality condition is valid locally, the quasi-

=m , (Eph - Eg) (5) Fermi level in the conduction band can be calculated from

[(1 + ef"/kT) + leE'rkT = ev.-El kT Il)

and where g = miml. and V, is the nominal voltage across

* the active region. Applying the Newton-Raphson method

, m (Ev6 - Eg) (6) to (11), E, can be found numerically. Then Ef, is given
as

where E. is the bandgap of the material and EP, is the
photon energy. The photon energy Eh = how is deter- = E - qV.. (12)
mined by the material and the structure of the laser, and Since both Ef, and E,, can be expressed in terms of the
is an input parameter to our model. The value of Eph can applied voltage, (3) and (8) now can be expressed as func-
be either extracted from the actual device measurement tions of the applied voltage.
data or from a device simulator. The reduced density of It is difficult to find a closed-form solution of Ef, di-
states function pd in two-dimension (2-D) form is given rectly from (11). An empirical formula, derived by using
by a data fitting method, is expressed as

mem. (7) -0.6755 + 0.4871 V, if V, < 1.1

r 2rh"L. m' + mt E, = -0.2077 - 0.4253V, -- 0.4895V2

This reduced density of states function (2-D) is indepen- - 0.03359V' - 0.007999V otherwise.
dent of the energy. Following the method proposed by
Kane [151, the matrix element I M can be approximated (13)
as a constant. Therefore, the gain function in (4) is cal- This empirical formula is valid over the range of - I to
culated to be 3.5 V. Since the energy bandgap of GaAs is 1.424 eV, it

2 rq mt.m M1* 2 is not expected that the quasi-Fermi levels will reach a
g' = eom* c-hEph M * +I M "  level much above the energy bandgap. Therefore. this

empirical formula is well-suited for modeling of a GaAs-
[f(Efc, E') -f, (Ef[, E;)]. (8) based quantum-well laser. Values of parameters, which

Here i M I the square of the dipole matrix element of the have been used in the computation, are given in Table II.
transition between band edges, is given by Fig. 1 illustrates the gain gm as a function of the applied

voltage across the active region. It shows that the gain.

M12 - 1.33KmEq. (9) actually a loss. is nearly a constant in the low applied

In (8). the optical gain is now expressed as a function of voltage region. As the applied voltage becomes larger than

quasi-Fermi levels, a certain threshold voltage. g,, increases quickly as a large

Eq is an experimentally derived input parameter to the population inversion is created in the active region. How-

model, when experimental data are not available, it is cal- ever, when the applied voltage becomes still larger, a sec-

culated in the model from the infinite potential well ap- ond threshold voltage is reached and the gain saturates.

proximation under the lasing condition [ 141 Because the optical gain depends aiso on the wavelength
of the photon. further increases in charge density in the

Eq E, - E,. (10) quantum-well only generate higher energy electron-hole

The adjustable parameter K., takes into account different pairs. The probability for stimulated recombination of

polarizations of the dipole moment as well as other effects these electron-hole pairs by low-energy photons is small.

of the transition [141, [161. When K,, is equal to one. (9) Thus they contribute little to increasing the optical gain

represents the matrix element of the dipole moment of a tor that particular wavelength.

TE wave between the band edges. Although K,, is an ad- D. Photon Densirv in the Active Rei'ion
justable parameter. it would be inappropnate to take a
value much larger than two 1161. For most semiconductor lasers, the cavitv structure ot

the active region can be considered as a Fabrv-Perot res-
C. External Applied Voltage onator. It is necessary to include this effect into (I) and

In the previous section. the charge density n, and the i2) to provide a self-cnnsistent analysis. The wave prop-
optical gain q,, are expressed in terms of two quasi-Fermi agated inside the laser cavitt' is not a plane wave in gen-
levels. But. Fermi levels are not physically observable eral: it is very ditficult to derive a closed-form analytical
quantities: furthermore. circuit simulation programs pri- formula based on a nonplane wave. For a first-order ap-
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TABLE II A detailed derivation is shown in the Appendix. For quan-
THE PARAMETERS FOR GAIN CALCULATION tum-well lasers without facet coatings. the reflectivities at

arameters Value both ends of a laser are equal, i.e.. - R. Above
index of refraction it 3.55.
Wavelength A SM the threshold condition the loss will be approximately

M .067M. equal to the gain
m 0.45,m.

recombination energy Z4 i.482eV
temperature T 300" K gL = In R (18)

Then the output light power can be expressed as
Eph c'

P = (W NL)gL- S. (19)

2The expression for average light power emitted from the
front facet is given by

0 C 'WNL:Eph
Pavg = 4 • S. (20)

.2- If the values of adjustable parameters are chosen prop-
erly, then the effects of unequal facet reflectivity can be
taken into a,.count in (19). The issues of modeling of non-

. uniform ngatudinal distributions of charge density and
1.0 12 14 1.6 IS LO 2i the more rigorous formula of wave propagation in a Fa-

V(V bry-Perot resonator remain open for further investigation.
Fig. I. Optical gain versus applied voltage.

Ill. THE LARGE-SIGNAL CIRCUIT MODEL

proximation, we use a plane wave (TEM) approximation. A useful model for a quantum-well laser should 1) find
Based upon this, a simplified method can be applied to the current-voltage (I-V) characteristics of each nonlin-
analyze the Fabry-Perot resonator (see the Appendix). ear function in the electrical continuity equation, 2) ex-
The average photon density in the laser cavity is given by press rate equations in terms of appropriate circuit van-
[171, [181

[(egL- 1)[(1 - R,)( I + + (1 - RI)(I + Re.L)] 2 r p  
(14)

L gL(l - RjRe ' L )  gc'

Here R, and R, are the respective back-facet and frunt
facet reflectivities. and L is the cavity length. The gain
index is given by ables. 3) represent rate equations by conventional circuit

elements, and 4) find equivalent circuit elements for par-
g =(g, - a(15) asitic effects not expressed by single-mode rate equations.

where a, is the intrinsic index of loss of the quantum- From the discussion in Section II. requirements 1) and 2)
well. The spontaneous emission rate in (14). is expressed have been mostly met. We now address requirements 3)
as and 4).

rp = 3Bn2. (16) A. The Equivalent Circuit

The average photon density S is not an observable phys- To derive an equivalent circuit from the rate equations.
ical quantity and thus is not suitable as a circuit variable, proper circuit variables nust be chosen. For the electrical
The output light power P,, carries the physical informa- continuity equation, (I ). this means expressing every
tion from a laser, and therefore is represented by a circuit nonlinear function as a function of node voltages. Due to
variable Based upon the plane-wave assumption, the out- the fact that the laser output power P,,,, is the main phys-
put light power P,,, from a laser amplifier can be ex- ical quantity which carries the information to the system.
pressed as Pu, was chosen to be a special circuit variable. Selecting

E, the light output power as a circuit variable is equivalent
P rOEh NL. to defining it as an ''optical voltage- in the circuit sim-

2 g ulation program.

I- R, e;L - )(R,e4L I Equations (3) and (8) can now be expressed as func-
t17) ions of the applied voltage by using 112) and 113). By

- R,Re - L) including the volume of the active region and normalizing
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the electrical continuity equation accordingly, the recom- The light absorption effect in the cavity is represented by
bination current caused by spontaneous emission can be an equivalent resistance
expressed as C '

T
ph

= qNLWLBn . (21) R, = (27)

Equation (21) describes the I-Vcharacteristics of the non- where rph is the photon lifetime in the optical cavity. rph
linear resistor representing the spontaneous emission cur- can be calculated from the following simple equation:
rent. The recombination current from stimulated emission
can be derived as follows: 1ph=K, (28)

S=; 4 L Lrg=PK 22 ) 
C'

Eph , where a 1o,, is the loss coefficient in the laser cavity. Be-
cause it is difficult [14] to determine a 10,s for the active

in which the I- V characteristic of a nonlinear resistor rep- region without knowing the phase information of the light
resents the stimulated emission current, with g, expressed wave, an adjustable parameter K, is introduced which
by the applied voltage. r is the confinement factor of the should be chosen as close to one as possible. C0p repre-
optical waveguide and is a function of the structure and sents the photon storage effects in the Fabry-Perot reso-
material composition of the laser. In our model. the con- nator and is given as
finement factor is an input parameter. When the value of
r' is not specified by the user. it is calculated by a simple Cop = I-  (29)
formula [91 in our model, c

L. The adjustable parameter K,0 accounts for the effects of
I' = 0.3 • 1000' (23) photon storage outside the defined active region. Equa-

tions (25) and (26) are represented by the equivalent cir-
By applying the chain rule to the derivative of charge den- cuit inside the dashed lines of Fig. 2.
sity n,, the term representing the time rate of change of When the input current is below the threshold, the I-V
the charge density can be expressed as a product of C, characteristic of a laser diode is similar to that of an or-
and dV/dt. with C, expressed as dinary diode indicating that the nonradiative recombina-

dn,(V) tion process is similar for both. Therefore, the nonradia-
C. = qN. WL . (24) tive recombination current is modeled as an ideal diode

dV, which is in parallel with the model for the active region.

Physically. this term represents the charge storage effect The series resistor R, in Fig. 2 represents the voltage drop

in the active region. Rearranging the two sides of the elec- outside the depletion region. The depletion and diffusion

trical continuity rate equation. (I). the radiative recom- capacitances of a conventional diode have also been in-

bination current 1_ in the quantum-well region. can be cluded by a capacitance Cd in parallel to the ideal diode

expressed as model.
Although only single-mode rate equations have been

dV, adapted in our model, the spontaneous emission into
I. = I, (V,) [,( V,,. P,51) - C, -tt (25) modes other than the lasing mode can also be taken into

account by using another equivalent circuit driven by a

Thus the electrical continuity rate equation is now trans- dependent source shown in Fig. 2. where , =
lated into an equivalent circuit. 43v,(EphiqL) is the coupling coefficient. 3 av is the effec-

The procedure for modeling the optical continuity tive spontaneous emission coupling efficient for nonlasing
equation. (2). is similar. For computational accuracy, the modes being detected, and is determined experimentally.
intermediate variable P ,,. which can be coupled to the It is assumed that the average loss and the photon storage
output port by a coupling coefficient, is adopted instead effect in nonlasing modes are the same as those of the
of the actual P,,. Applying (20) to 1) and (2) to replace lasing mode. i.e.. R' = R, and C,p = Cp. Since the total
S with P,,, and normalizing 12) with respect to the volume light output power is the superposition of the two optical

of the active region. P,,, can be calculated from voltages, the output port consists of two voltage con-
trolled voltage sources in series.

pile dPiv
S-C, - ( 261 B. Limitig Scheme for Simulation

General-purpose circuit simulators apply Newton-
Here the coupling coefficients are defined as a, = Raphson method to find solutions of nonlinear elements
.3 E,,, qL) and ,,, = E,h, qL. 1, and /, have been de- in the differential equations. Unfortunately, this method
fined in (21 and 122). respectively. Both c y, I, and a ,1, does not guarantee the right solution among a set or mul-
can he modeled as a pair ot current controlled current tiple solutions. especially for the rate equations tor lasers.
,ources in the optical portion ot the equivalent circuit. Since lasers are inherently positive feedback devices. there
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R - - - --- .. .. . .. . .. .. .. T A B L E III
' -THE PARAMETERS OF THE QW LASER MODEL

' Model Paraets Value

C 0 / laer length- 584(AM)
laser width 150(/sm)Q -quantum-well width 51.0(A)
wavelength A 9350(A)
intrinsic 1033 of 14.5(cm

- '
radiative recombination coefficient B 3 4 x 10-' (cmis-)

---------------- --- -- coupling coefficient . 1 0 x 10"

reflectivity R 0.3
,quantum-well energy 1.482(eV)

. .R 3.2(1)
nonradiative recombination current 1o 7.36 x 10-"(YA)
ideality factor n 2.11
depletion capaatance Co 139.O(pF)
K. 0.9
K. 1.0

- - K. 31.0

Fig. 2. The equivalent circuit or the quantum-well laser.

The user defines the connection to the input and the output
are other solutions which are numerically more stable than nodes of the laser diode and specifies the parameters in
the solution of the real lasing point. Without any special the input cards of the circuit simulator. If not enough pa-
selection, the output voltage of the laser model may be- rameters have been specified. the model takes default val-
come negative, which is nonphysical. In the steady state. ues automatically or calculates them from the given val-
physical mechanisms limit the gain such that it will never ues.
become larger than the loss. In a numerical calculation.
however, gain being larger than loss is a stable solution IV. SIMULATION RESULTS
to rate equations and results in a negative optical output Our model has been tested extensively. The simulation
voltage. Thus. it is necessary to prevent the value of the

optical gain g,, from reaching a value larger than the loss. outputs are compared with a wide range of published data

The following heuristic method has been used in our and our own experimental results. With a suitable choice

model. of adjustable parameters, the model predictions can pro-
vide an excellent match with experimental data. In this

If ( V,.. > V,,.., and Vop,,cl < 0) then section, the simulation results are compared with mea-
sured dc and transient curves from a broad-area graded-

V, = V,.Id Vlla - Vid (I - Vimit Vnold barrier quantum-well heterostructure laser grown by
Vnnew o-fld) metalorganic chemical vapor deposition (MOCVD) (211.

The parameter values are listed in Table III.
otherwise The dc curves are measured using a voltage source con-

V, = V, new. (30) nected to the laser diode through a 50 f0 series resistor as
shown tn Fig. 3(a). Fig. 3(b) shows the circuit for the

Here V,,ew and V,old are values of V, at the present and transient measurement system which includes the stray
the previous iteration steps. and VmtI is the value of V, parasitics. The dc I-V curve is shown in Fig. 4(a) and the

which makes the gain equal to the loss. This method ef- L-1 curve is shown in Fig. 4(b). The solid lines indicate

fectively forces the circuit simulator to find the right so- experimental data while the dashed lines indicate simu-
lution point of the rate equations. lation data. Fig. 4(a) and (b) show that simulation dc

One important aspect in numerical computation is curves match the experimental data extremely well. The
checking the numerical errors. Since the output power is only discrepancy in the L-1 curve occurs at the threshold
defined as one of the circuit variables in circuit simula- current where the simulation curve shows a sharper corner
tion. it is necessary to consider its numerical accuracy. than the experimental data. This discrepancy may result

Because the output from a semiconductor iaser is in the from the approximation of the lasing condition in the
range of mlliwatts i mW). we use it as the unit tor the derivation of P,,, and S relations
laser output to keep the range of numerical errors approx- With a more accurate analysis or the Fabrv-Perot res-
imatelv to the same order for all circuit variables. onator. a better simulation curve may be obtainable If the

Some previous semiconductor laser models have been spontaneous emission coupling coetficient J is chosen to
incorporated indirectly into circuit simulators through be larger than 0.2. then a better tt ot the L--l curve can
their input tiles, which greatly limits the accuracy, rlexi- be achieved even with the current model However. it is
bilitv. and 2eneralization of the model. We chose to tm- generally agreed that 3 should not be larger than 0 1 1221.
plement our model directly into a general-purpose circuit Further investigation is needed to determine whether such
simulator iSMILE 201. The input tormat of our QW laser d large value ot J can be obtained from the amplification

model is the same as those of other active device models. of nonlasine modes. namely, superradiance. Fig. 5 shows
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Fig. 5- Comparison of experimental and simulation transient characteris-
tics of a QW laser.

(b)

Fig. 3. (a) The experimental setup for the measurement of' dc character-PIr
istics of the QW laser. ib The experimental setup for the measurement PvIN
of transient characteristics of the QW laser. QWL ave-ide DmI

DriverFIER

4.

Eipwien urve -(a)

Simuian CLW---.

to-

00 0.5 1.0 1.5 2.0 1-5 3~0 3.5

V(.) 7_________________________

P (i.W) b-4ExeulneiiOt cuv Fig. 0 a) A circuit of an optical interconnection with a QW laser as the
Simuam cuve i... gtht source, a MODFET as the driver, and a p-i-n diode as the detector

(b) Simulation waveforms of the circuit shown in Fie 6a

10

the transient experimental curves versus the simulation
curves. The experimental data were sampled directly from

4 oscilloscope outputs and the simulation data are the prod-
uct of real outputs and a calibration factor from experi-
mental measurements. Both the experimental results and
simulation data indicate that there are no obvious effects
of relaxation oscillation. In summary, our largze-signal

!OD X 100 4W 50 W model is capable of fitting a wide rangze ot .experimental
/tt4 data both in dc and transient cases.

hi Fig. 6(a and (b) illustrate the use of our quantum-well
Fie a .i The dc / haracteristic ot a juantum-weil laser. hi The dc laser model as a modulated light source in the simulation

1, / .haractenlstic ot a juanium well laser of an optoelectronic integrated circuit. Fig. bi a) shows
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the circuit of an optical interconnection, in which the QW 14 r ---- --- -- ----

laser is driven by a MODFET driver. The laser output is I'I I I I
passed through a waveguide to a p-i-n diode followed by 1, ,,T7
a transimpedance receiver. The input and output wave- c . C'" -1

forms are shown in Fig. 6(b). The waveform at the bot- -FT
tom of Fig. 6(b) is the input waveform, the one in the
middle is the output from the laser. and the top one is the T I
output from the receiver. - _ _

V. AC ANALYSIS AND THE SMALL-SIGNAL MODEL Fig. 7 The small-signal model of a QW laser.

A small-signal model can be derived from the steady-
state solution of rate equations with a small perturbation o)
AVeJw' added to the external applied voltage. For small
perturbations, a linearized set of small-signal equations
can be derived from (1) and (2).

Suppose that in steady state, a small ac signal is super-
imposed on the applied voltage, i.e., V = Vo + Ave"w' ,

and let t°'l

I, = lo - Aie ' (31a)

n, = neo + Ane"" (31b)

gm = g,.o + Age"' (31c)

Pavg = PaV0 + Apewl. (31d) 106 to "O0
/ (HO)

Here Y0 is the dc bias voltage and w is the small-signal Fig. 8. Modulation charactenstics .,f a QW laser versus frequency.

angular frequency; n, 0, g,,,o, ,o, and Pavgo are the respec-
tive steady-state solutions of the charge density equation.

the optical gain equation, and rate equations; An. Ag, Ai entiating (3) and (8). and then multiplying them with A
and zp are magnitudes of the corresponding small-signal as follows:
perturbations. Applying this set of perturbations to (1) and dn,

(2) and neglecting higher order terms. the small-signal nV (36)

version of rate equations can be derived as dVlv= 0

jWCqI, AV and

Ai - Gt(gop + AgP 3, 0 ) Ag = " At. (37)

- 2GpBn,An (32) dV IV (

The small-signal equivalent circuit model can be derived
jWCp from (32) and (33), using the same technique as used for

= 2ct)GBn,0 An the large-signal model. Fig. 7 shows the small-signal
equivalent circuit model for a quantum-well laser, where

4- ( + A 1 vRO)- -P ) R, = dg.,/dV11 v, . P,, q' = G, go and R,. =

R, 2GBnoAn. Finally, in the output port the P,, Is multi-
where plied by a constant to provide P,,.

Fig. 7 shows that the topology of this small-signal
4q model is similar to that of the large-sienal model, as ex-

G,- =q FL 34) pected. since both models are derived from rate equa-
tions. The spontaneous emission effects of modes other

and than the lasing mode are neglected in the smail-siegnal
model. Further study of the modulation charactenstics in
the frequency domain of QW lasers could lead to the ad-

The steadv-,tate solutions n,,), g,,), and P,,, can dition of more parasitics to the small-signal model
euher be calculated from (3). 18). (25). and (26). with V Fig. 8 shows the simulation frequency characteristics
= V,,. or derived trom dc simulation results by using the of a broad-area graded-barmer quantum-well laser. The

large-signal model. Based upon the definition of a small- curve is generated by using our small-signal model with

signal perturbation. An and Az can be derived by differ- the package parasicics given in (231. The parameter set
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for the laser in this simulation is the same as for the dc a,
and the transient simulations. The conventional peak at
the frequency of relaxation oscillations is not obvious on - -

this curve. This is consistent with the experimental and - --
simulation results for the transient curve shown in Fig. .- -

5(a) and (b). As this laser originally was designed for
high-power operation. it may not be suitable for high-fre-
quency modulation due to the large parasitic capacitance.

VI. SUMMARY

A new large-signal circuit model for quantum-well la- 0 L z

sers has been developed. implemented. and validated. Fig. 9. A simplified configuration of a Fabry-Perot resonator.

With emphasis on physical principles, we incorporated the
phenomeni of the recombination process of electron-hole (Mb), can be written as
pairs and the lightwave resonance in the active region into A as
our model. The model parameters are readily extracted 1_(Z) r5pEph F(1 + R2eL) - R2( 1 + RIe l )

from the measured experimental data. A small-signal Z= L 1 - RIR je 2 L
model for ac analysis has also been developed to address
the issue uf modulation properties of quantum-well lasers.
Simulation results demonstrated excellent agreement with e- I (A4a)
experimental data. Our model can be readily implemented
into general-purpose circuit simulators, and enables etfi- and
cient and accurate analysis of integrated optoelectronic rEh ( - Re )

- R(( I - R,e sL)
circuits. I-(Z) = zg L - e gL

APPENDIX 1
The calculation of the average photon density and the (A4b)

output light pwer in the laser cavity can be found in many The output power P,,U is the forward-going light inten-
recent publications including [ 17] and [241. For the con- sity multiplied by the transmission coefficient and the sur-
venience of readers, the calculations are shown here. face area.

Fig. 9 is a simplified figure for a Fabry-Perot resona-
tor. With the assumption of plane wave propagation, the P,,u, = 1 - R) WNL • I (L). (A5)

forward-going light intensity in the cavity I - and back- Substitution of (A4a) into (A5) leads directly to (17).
ward-going light intensity I - can t calculated from the Also, and I-,, the average light intensities in two
following differential equations. directns inside the laser cavity, can be calculated from

the following integrals:

i= ,(z) - Eph (Ala) IL
=- I I -(z)dz (A6a)dz I L o

d Z) z) - (Alb) and

where - Z)dz. (A6bJ
L o

r,, = 3Bn;. A2)

Under the single-mode approximation. ihe average pho-
For a :onventional laser cavity, the following boundary ton densitv in the laser cavity is given as
conditions can be applied:

I-(0) = RI-(O) 1A3a) S = E7

and The factor of two is due to the existence of two polanza-
I -(L) = RI- (L) -\3b) tions of light waves. Substituting (A4ai and (A4bi into

(A6a) and (Atb). carrying out the integration calculation.
The olutions ot differential equations (A la) and (A I b). and then applying the integral results to tA7) leads to the

subject zo the boundary conditions given in (A3a) and result in ( 14).
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TEMPERATURE DEPENDENCE OF COMPOSITIONAL DISORDERING OF
GAAS-ALAS SUPERLATTICES DURING MEV KR IRRADIATION

R. P. Bryan, L. M. Miller, T. M. Cockerill, J. J. Coleman, J. L. Klatt and R. S. Averback
Materials Research Laboratory
University of Illinois
Urbana, IL 61801

ABSTRACT

The influence of the specimen temperature during MeV Kr irradiation on the extent of
compositional disordering in GaAs-AlAs superlattices (SLs) has been determined. We have
investigated whether radiation-enhanced diffusion (RED) could be employed to reduce the dose
required to completely disorder a SL by ion implanation. Metalorganic chemical vapor deposition
grown GaAs-AlAs SLs were implanted with 0.75 MeV Kr to a dose of 2x10 16 cm-2 at various
sample temperatures ranging from 133 K to 523 K. The extent of disordering induced by the
irradiations was determined by Rutherford backscattering spectrometry and secondary ion mass
spectrometry. For low temperature irradiations (133 K to 233 K), complete intermixing of the SL
is observed. However, the extent of intermixing of the SL decreases with increasing specimen
temperature between room temperature and 523 K. We propose two possible explanations to
interpret these results: (i) that the amount of ion beam mixing decreases with increasing
temperature; and (ii) that the RED coefficient is negative which suggests the existence of a
miscibility gap in the GaAs-AlAs SL system.

INTRODUCTION

Compositional disordering of III-V compound semiconductor epitaxial structures has great
promise for the microfabrication of unique optical and electronic devices. In recent years,
considerable interest has been shown in efforts directed towards fabricating buried heterostructure
(BH) lasers [1 by compositional disordering of the active region of the device. The authors have
previously reported [21 the fabrication of index-guided BH lasers in which we utilize the
compositional disordering and semi-insulating characteristics [31 of MeV oxygen implanted
AIGaAs layers. A single oxygen implant into a sample through a stripe mask results in lateral
confinement of both the optical field and injected carriers (see Fig. I). High dose oxygen implants
(1017 cm-2 ) are necessary [31, though, to induce he compositional disordering required to confine
the optical field and, thereby, achieve index-guided laser operation. However, we observe that low
dose implants (_1014 cm-2 ) are sufficient [21 to compensate the layers. Therefore. the transverse
straggle of the implant leads to a large compensated region under the implantation mask which
results in a substantial increase in the threshold current of very narrow stripe width lasers. We have
thus considered using radiation-enhanced diffusion to decrease the dose required to induce the
compositional disordering of the AlGaAs heterostructure.

During an implantation. the temperature [41 of the sample significantly affects the diffusion
of defects and, therefore, the extent of mixing. Three temperature regimes [4-71 are distinguishable
in the chemical interdiffusion coefficient during implantation (see Fig. 2). At high temperatures.
thermal diffusion is the most significant mixing mechanism but the diffusion coefficient decreases
rapidly with decreasing temperature due to a high activation energy. At intermediate sample
temperatures, radiation-enhanced diffusion dominates: it is also exponentially dependent on the
sample temperature but the activation energy for the process is less than that of the thermal
diffusion process. At lower sample temperatures, mixing is dominated by ion beam mixing which
is usually assumed to be nearly independent of temperature.

Ion beam mixing [5-6,81 in the low temperature regime is a result of the diffusion which
occurs during the dissipation of the energy transferred during collisions between the implanted ion
and the target nuclei, i.e. a result of the mixing within the displacement cascades. Early in the
cascade evolution, atoms are displaced from their lattice sites by collisions with energies greater
than - 5 eV Later, when the initial recoil energy becomes partitioned among all atoms in the
volume of the cascade, a thermal spike condition develops and diffusion takes place within the hot
spike. Although questions about thermal spike dynamics remain, it is recognized [4-58] that

Mat Res Soc Symp. Proc. Vol 198 1990 Materials Research Socieiy
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Gm Fig. 2. An Arhennius plot illustrating the
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Fig. 1. Schematic of an index-guided buried intermediate temperatures, defects generated by
heterostructure laser diode fabricated by the irradiation enhance the normal diffusion
exploiting the characteristics of MeV oxygen leading to a significantly higher diffusion
implantation. coefficienL

atomic motion occurs while the atoms are highly excited, with atomic energies on the order of
I eV. Because the atomic rearrangements occur with such high energies relative to the ambient
lattice temperature, the system can be driven far from equilibrium.

In addition to creating atomic disorder, displacement cascades also produce point defects,
i.e. vacancies and interstitial atoms. At low sample temperatures, because of the disordering and
defects, some materials will become amorphous. At elevated sample temperatures. these defects are
mobile and cause atomic diffusion, usually called radiation-enhanced diffusion (RED). Since this
diffusion process takes place long after the thermal spike has cooled and extends well beyond the
original boundaries of the displacement event, RED tends to drive the system towards equilibrium.
Although ion beam mixing and radiation-enhanced diffusion both occur during high temperature
irrad'ations, the latter dominates [7] at sufficiently high temperatures. The transition between low
and high temperature mixing occurs in the temperature range where both vacancies and interstitials
become mobile, above room temperature in most cases. Finally, at sufficiently high implant
temperatures, the thermally generated population of defects becomes significant and the mixing due
to thermal diffusion dominates over the other intermixing mechanisms.

This work focuses on the influence of the sample temperature on the extent of intermixing
during implantation. We have investigated whether RED could be employed to reduce the dose
required to completely disorder a SL Furthermore, we studied the transition temperature range
between mixing dominated by ion beam mixing and by RED We will show the unexpected result
191 that the mixing efficiency decreases with increasing sample temperature between room
temperature and 523 K, the highest temperature employed in this work. We propose two
explanations for this result: (i) that the amount of ion beam mixing decreases with temperature; and
(ii) that the radiation-enhanced diffusion coefficient is negative between 300 K and 523 K, which
implies the existence of a miscibility gap in the coherent phase diagram of the GaAs-AlAs
superlattice system (wavelength - 400 A) with a critical temperatures greater than 523 K.
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EXPERIMENT

The samples used for these experiments were GaAs-AlAs superlattice (SL) structures
grown [10] by atmospheric pressure metalorganic chemical vapor deposition (MOCVD) at 8000 C.
The substrates are (100) GaAs doped with silicon at a carrier concentration of 2x10 1 8 cm-3 . The
epitaxial structure consists of a 0.25 JLm GaAs undoped buffer laver underlying a 50 period
undoped SL consisting of alternating layers of 200 A GaAs and 200 A AlAs. As a consequence of
the growth temperature, the superlattice has a background p-type carrier concentration of
_lxI018 cm-3 . The spec.imens were irradiated with 0.75 MeV Kr* at the Van de Graaff Accelerator
facility in the Materials Research Laboratory at the University of Illinois. Various sample
temperatures were investigated ranging from 133 K to 523 K. The dose of Kr for the irradiation
was 2x10' 6 cm-2 for all temperatures. The ion beam current on the sample was kept constant at
120 nA for each irradiation. The beam was wobbled over an aperture plate to provide homogeneity
on the 0.1 cm 2 test spots scribed on the sample. The background pressure in the irradiation
chamber was below 6 x 10-8 Torr for all irradiations. The extent of intermixing of the SL layers
was determined in all samples by Rutherford backscattering spectrometry (RBS) using 2 MeV He*
and checked in selected cases by secondary ion mass spectroscopy (SIMS). All specimens were
analyzed at room temperature. The range of the 0.75 MeV Kr4 in GaAs is - 320 nm, and since
only the first six periods of the SL (240 nm) could be used for RBS analysis, the effect of
implanted Kr and gradients in the damage distribution can be neglected.

RESULTS

A typical Rutherford backscattering spectrum from an as-grown GaAs-AlAs SL sample is
illustrated in Fig. 3. The backscattering geometry is shown in the inset. At high energies, the
oscillations in the yield are due to the changing Ga concentration with depth into the SL, whereas,
the oscillations at lower energies, channels 475-625, are due to the changing Al concentration with
depth. The attenuation of these oscillations is a consequence of the loss of resolution with depth
arising from straggling and lateral spread of the analysis beam [II]. Rutherford backscattering
spectra of the Kr implanted GaAs-AlAs SL samples are shown in Fig. 4. The spectra are basically
flat for the implants conducted with the sample temperature below room temperature, which
indicate that the SL becomes completely disordered by the irradiation. At room temperature, some
oscillatory structure is observed after the irradiation indicating only partial mixing of the layers. At
increasingly higher sample temperatures. the amplitude of the oscillations increases. At 523 K, the
amount of disordering is far less than at low temperatures, although evidence for partial
disordering is still clearly visible.

GaAs-AIAs SL 0.75 MeV Kr

SC

Nonirracliated

2 MeV 3

0C

CO 300 500 700 900

Channel Number

Fig. 3. RBS spectra for a nonirradiated GaAs-AlAs SL sample.
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Fig. 4. RBS spectra for GaAs-AlAs SL oepth (A)

samples irradiated with Kr to a dose of 2x10 16  Fig. 5. SIMS depth profiles of Al for a
cm- 2 at various implant temperatures. The nonirradiated SL sample and for samples
extent of mixing decreases with increasing which have been irradiated with Kr to a dose
sample temperature. of 2x10 16 cm- 2 at 133 K and 523 K.

The depth profiles of Al concentration, as obtained by SIMS, for the nonirradiated sample
and for samples irradiated at 133 K and 523 K are illustrated in Fig. 5. Although SIMS can not be
employed for quantitative compositional analysis, it does reveal the interdiffusion quite clearly. The
specimen irradiated at low temperatures si,ows complete disordering from the surface to
approximately the projected range of the Kr ions, 320 nm. At this position the deposited damage
energy density decreases rapidly with depth and, therefore, the ion beam mixing rapidly decreases.
The interdiffusion in the specimen irradiated at 523 K, however, shows only partial intermixing,
with no obvious dependence on depth until the end of the Kr ion range.

DISCUSSION

We propose two explanations for the observed decrease in the extent of intermixing of the
SL layers for samples implanted at room temperature and above (see Fig. 6): (i) that the amount of
ion beam mixing decreases with increasing temperature; and (ii) that the radiation-enhanced
diffusion coefficient is negative between 300 K and 523 K.

Although the amount of ion beam mixing [5-6,8] for an irradiation is generally assumed to
be temperature independent, it is possible that the mixing may be smaller in a crystalline phase
compared to that in an amorphous phase. Implantation often tnduces an amorphous phase during
low temperature implants but not at higher temperatures where defects are mobile and
self-annealing occurs. GaAs is known to behave in this manner. In the crystalline phase, the
thermal conductivity is higher than in the amorphous phase and, also, there is a possibility of
focusing collisions which dissipate energy from the displacement cascades at supersonic speeds
Consequentially, the temperature and duration of the thermal spike may be reduced, which would
lead to less mixing during the thermal spike in crystalline samples compared to that in amorphous
samples. Therefore, less disordering would be observed in the higher temperature implants, during
which the sample remains crystalline, compared to the lower temperature implants, during which
the sample would become amorphous. However, the authors are not aware of any system, metallic
or semiconductor, in which the amount of ion beam mixing has been shown to decrease with
increasing temperature, regardless of phase transitions. Nevertheless, this does not preclude the
possibility Investigations are underway to compare the amount of ion beam mixing for the
crystalline and the amorphous phases of GaAs and AlAs.
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Fig. 6. Arhennius plots illustrating the possible temperature dependence of the chemical
interdiffusion coefficient for a GaAs-ALAs SL sample. In Fig. 6(a), the amount of ion beam mixing
decreases with increasing temperature due to an amorphous to crystalline phase change. In Fig.
6(b), the SL is assumed to have a miscibility gap in the phase diagram which leads to a negative
radiation-enhanced diffusion coefficient for temperature below the critical temperature.

An alternate explanation for the decrease in the mixing efficiency with increasing
temperature is that the total interdiffusion coefficient,

Dtota = Dion beam mixing + 
DRED(T), (1)

decreases due to a negative RED coefficient (see Fig. 6). A negative RED coefficient implies [121
that the defect motion leads to demixing of the system rather than increased mixing. Motion of the
defects follows gradients in the chemical potential and, therefore, it is controlled by the
thermodynamics of the system, i.e.,

J = D V ., (2)

where I is the defect current and 4 is the chemical potential. Accordingly, a negative RED

coefficient indicates that the heat of mixing, AHmax, contribution to the Gibbs free energy is

positive and greater than the entropy contribution, -TASmix, thereby resulting in a higher Gibbs
free energy for the mixed state compared to the demixed state. Since the GaAs-AlAs SL system
completely intermixes 113] due to thermal diffusion above - 1250 K, the negatve RED coefficient
implies the existence of a miscibility gap in the GaAs-AlAs SL system. Recent data [141 has
indicated that Ne irradiation at 973 K results in complete mixing of a GaAs-AlAs SL. Thus the
critical temperature for the miscibility gap would be between 523 K and 973 K. The existence of a
miscibility gap in the GaAs-AlAs system has been the subject of several theoretical investigations,
with several researchers predicting no miscibility gap [1 5-161 and others predicting a miscibility
gap with critical temperatures ranging 117-191 between 59 K and 405 K. To our knowledge,
experimental evidence for a miscibility gap in bulk AlxGa l . xAs or GaAs-AlAs SL has not been
reported prior to this study. Presumably, this is because the critical temperature of the miscibility
gap is below 973 K and normal thermal diffusion at these temperatures is negligible. Only by
enhancing the diffusion coefficient at these temperatures by irradiation could this region of the
phase diagram be explored.

SUMMARY

In summary, we have studied the influence of the sample temperature during MeV Kr
irradiation on the extent of compositional disordering in GaAs-AlAs SLs to determine the
possibility of using RED to reduce the dose required to induce complete intermixing of GaAs-AlAs
SLs by ion implantation. The superlattice is observed to completely intermix during low
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temperature irradiations where the mixing is dominated by ion beam mixing. The mixing
efficiency, however, decreases with increasing sample temperature above room temperature. At
523 K. the amount of disordering is far less than at low temperatures, although evidence for partial
disordering is still visible. We proposed two explanations for the decreasing mixing efficiency with
increasing implant temperature. The amount of ion beam mixing may be less for the high
temperature implants for which the sample remains crystalline compared to the low temperature
implants during which the sample becom amorphous. Alternatively, the decreased mixing may be
a result of a negative radiation-enhanced diffusion coefficient. The negative RED coefficient
implies the existence of a miscibility gap extending to temperatures above 523 K in the GaAs-AlAs
superlattice phase diagram.
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InGaAs-GaAs-AIGaAs gain-guided arrays operating in the in-phase
fundamental array mode
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We compare the operation of single-stripe gain-guided InGaAs-GaAs-AIGaAs strained-layer
quantum well heterostructure lasers emitting at wavelengths > 1.0 /m to five-element
gain-guided arrays with 8 im stripe width and center-to-center spacings S from 14 to 30 Am.
Arrays with large interelement spacings exhibit a twin-lobed far-field pattern corresponding
to the highest order supermode with 180" phase shift between adjacent elements. Devices
with smaller interelement spacing exhibit a single lobe in the far field suggestive of in-phase
operation. Pulsed L-I characteristics show kink-free operation of arrays with S = 15
Am to 730 mW per uncoated facet at 1.8 A.

The use of InGaAs strained-layer active regions in the side and alloyed at 400 C for 10 s. This was followed by
GaAs-AIGaAs materials system has resulted in the fabri- the deposition of a nonalloyed Cr/Au contact on the p side.
cation of a wide variety of injection lasers with emission The wafers were cleaved into bars of cavity length L = 510
wavelengths in the range 0.9-1.1 jsm, 1- 12 including high- Am, and at least four devices of each spacing were tested
power arrays.$- " Excellent lifetimes for InGaAs-GaAs- under pulsed conditions (1.5 As, 2 kHz) at room temper-
AIGaAs lasers have also been achieved, - 12 and several dif- ature without heat sinking.
ferences, mainly advantageous, have been reported for The far-field pattern for a single-stripe device with a
these strained-layer devices compared to their GaAs- stripe width of 8/pm and L = 510 pm is shown in Fig. I for
AIGaAs counterparts. For example, the carrier-induced four values of drive current. Note that the curves are offset
antiguide in gain-guided InGaAs-GaAs-AIGaAs strained- in the vertical direction for clarity. As seen in the figure,
laver lasers, an important part of this work, has been the far field consists of two lobes centered about the facet
shown to be stronger than for similar GaAs-AlGaAs de- normal which move apart as the current is increased. This
vices.1314 In this letter, we compare the operation of single- is the result of the unusually strong index antiguide formed
stripe gain-guided InGaAs-GaAs-AIGaAs strained-layer by the injected carriers under the stripe,' -" with leaky
quantum weli heterostructure lasers to five-element gain- waves on either side of the stripe being responsible for the
guided arrays with 8 Am stripe width and center-to-center two lobes in the far field. 14"6 Since the coupling of gain-
spacings from 14 to 30 Am. Arrays with large interelement guided arrays 1728 occurs via leaky waves rather than by
spacings exhibit a twin-lobed far-field pattern correspond- evanescent field coupling as in index-guided arrays, this
ing to the highest order supermode with 180" phase shift strong antiguiding behavior should enhance coupling of
between adjacent elements. Devices with smaller interele- neighboring array elements. The inclusion of antiguiding in
ment spacing exhibit a single lobe in the far field suggestive the analysis of gain-guided arrays 19 results in the predic-
of in-phase operation. tion that below some critical spacing (which depends on

The structures described in this work were grown by the amount of antiguiding), the antiguiding can lead to
metalorganic chemical vapor deposition (MOCVD) at at- array operation in the in-phase array mode. Above this
mospheric pressure in a vertical geometry reactor using critical spacing, the arrays are predicted to operate in the
trimethylindium, trimethylgafihum, trimethylaluminum,
and arsine. Silane and diethylzinc were used for n-and
p-type dopants, respectively. The structure consists of a
0.25-pm-thick GaAs: n " buffer layer grown on a (100)w, a
GaAs: n + substrate, 1.5-jim-thick n-and p-type
Al2Ga0sDAs confining layers, an undoped strained-layer -
quantum well centered in a 0.2-pum-thick GaAs carrier col- '
lection layer, and a 0.2 pm GaAs: p contact layer. For
the array with 14 pm center-to-center spacing, the active
region consists of a 70 A In0.33Ga0.61As quantum well with
emission at 1.09 Am. All other devices contain a 70 A J
[,&25Ga 1 75As quantum well and lase at 1.01 Am. Standard ,0 5 0 5 10
photolithographic techniques were used to pattern oxide- Far F401 As (digsI
defined stripe devices, with either single stripes c- five-
stripe arrays of 8-pm-wide stripes with center-to-cente iG arih pro stripe width and a 510M cvity at l,3.spacing S of 14, 15. or 30 Am. After thinning the wafers to and 4 times threhold. The strong anbguidmg in thes lasen resuts in the- 125 Am, a Ge/Au contact was evaporated onto the n double-lobed far field.
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FIG 2. Far-field pattern at 1.1 I,h of a five-element gain-guided array of 8 FIG 4. Far-field pattern at 1 1 ar. J 
2 1 h of a single-stripe broad-area

lam stripes on 30 jm centers. device with 50 pm stripe width and 5 10 pm cavity length. The far field is
unstable, and at 2,1h has spread to - 10 FWHM

highest order mode with a 180" phase shift between neigh- the calculations of Ref. 19 including strong antiguiding for
boring elements. a gain-guided array of elements spaced below the critical

In Fig. 2 we show the far-field pattern of a five-element distance.
array with S = 30 um at I. I th. This twin-peaked pattern It has been shown that, due to the strong coupling
suggests operation with 180 phase difference between ad- between elements, gain-guided arrays do not operate as
jacent elements. The lobe separation of 2.2* is slightly arrays of individual emitters,.20.21 Rather, the array
higher than the calculated value of 1.9* from diffraction modes are best described as modes of the entire waveguide,
theory. The lobe's full widths at half maximum (FWHM) and the gain-guided arrays are more correctly viewed as
of 1.0 and 1.3" correspond to 2.3 and 3.0 times the diffrac- broad-area devices with perturbations in gain. This may, in
tion limit, respectively. Operation of the array in this 180" fact, be the case here for the devices with S = 14 tim,
phase mode is similar to GaAs-AIGaAs gain-guided ar- especially given the strong antiguiding present in the indi-
rays, and is consistent with the calculations of Ref. 19 for vidual 8 .m stripe devices (Fig. I ) which leads to very
large element spacing. The far-field pattern of a device with strong coupling of the elements; however, there are differ-

S = 14 jtm is shown in Fig. 3 for trce different drive ences between the operation of these arrays and broad-area

levels above threshold. The single lobe in the far field is devices. The far-field pattern of a single-stripe device with

suggestive of array operation with all emitters in phase, w = 50 jam is shown in Fig. 4 for two drive levels. The

and is in contrast to previously reported results for a sim- transverse modes of such broad-area devices are typically

ilar ten-stripe array with 4 /.m emitters on 12 lim centers unstable, due in part to the tendency to lase on filaments.

which operated with a double-lobed far field. 10 In that case, This is seen in Fig. 4, where the far-field pattern is unstable

the emitters were defined by hydrogenation, which limits with drive current, and at 2
1h the far field has spread to

ae -10" FWHM. In comparison, the FWHM of the array inthe current spreading. Thus the regions between stripes are - 0FW MIncmaioteWH ofherayn
more lossy than in the case of oxide-defined stripes, and the Fig. 3, with a similar total width (64 jum), is only 2.3* atmodrenad deoicsy thanate in theasef o e fid se andte. Yl

3 h. Clearly, the stability of the far field is much greater for
hydrogenated devices operate in the out-of-phase mode. the array than for the broad-area single-stripe device. The
Although sufficient current spreading to allow operation in L-I characteristics for a w = 50 jim device and for an array
the in-phase mode is present in the devices in this work, with S = 15 jim are plotted in Fig. 5. The array operated
note that the near fields indicate strongly coupled emitters with a kink-free characteristic up to the limit of our cur-
rather than a uniformly pumped region. The FWHM of rent source, emitting 730 mW per uncoated facet at 1.8 A.
1.8" at !.25Ih and 2.3* at 3 lth correspond to 2.0 and 2.6 In contrast, the single-stripe device characteristic is non-
times the diffraction limit, respectively. Arrays with S = 15 linear with the appearance of several kinks. These charac-
/Am also exhibited a narrow, single lobe in the far field. teristics are typical of all array spacings and single-stripe
Operation of the arrays in this in-phase mode agrees with devices tested. Although the arrays of closely spaced

10 800
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06 a 400 50 ur stnoe
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FIG 5 Power vs current characteristics of a 50-pm-wide single-stnpe
FIG 3. Far-field pattern at 1,25. 2. and 31,, for a five-element gain-guided device and a five-element gain-guided array of 8 ;im stripes on 15 jim
array of 8 jAm stripes on 14 jim centers centers. rhese plots are typical Of all single stripe and arrays tested
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In-phase operation of high-power nonplanar periodic laser arrays
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The transformation of nonplanar periodic laser array modes from weakly locked out-of-phase
to locked in-phase operation is investigated. A comparison study of near-field and far-field patterns
is made for devices with differing mesa widths and heights. Data are presented which show
that the mesa height and width can be adjusted to force in-phase operation. An array
of 19 elements shows an essentially single-lobed far-field pattern centered at 0* with full width
at half maximum of 1.6, to output powers of more than 500 mW/uncoated facet.

Recently there has been considerable interest in devel- at 8 tim. Following etching, the devices are completed by a
oping high-power arrays1-5 which may be used in such single MOCVD growth of the entire laser structure and
applications as pumping of solid-state lasers, long distance contact metallization. In selected devices, 150-jum-wide ox-
communication, lidar, high-speed modulation, and optical ide defined stripes were incorporated in order to accurately
recording. In many applications, the optical output power control the width and therefore the number of elements of
needs to be a nearly diffraction limited single-lobed beam. the device. A schematic of the array structure and a scan-
However, coherent semiconductor laser arrays typically ning electron micrograph of the cross section are shown in
operate with each element locked out of phase which leads Fig. I of the narrow, shallow mesa array. The MOCVD
to a double-lobed far-field pattern. Several array structures growth on a corrugated substrate forms a nonplanar active
including leaky waveguide arrays, 3 Y-coupled arrays,"" region which provideso 1 1 definition of the individual emit-
diffraction-couplez! arrays,8 and offset stripe arrays9 have ters of the array, formation of a step in the effective index
been developed which txhibit stable, single-lobed far-field of refraction for stable mode operation, and suppression of
patterns. However, in general, these methods require some the lateral lasing and the amplified spontaneous emission,
combination of multiple growths and sophisticated or com- thereby all6wing high-power operation of wide aperture
plex processing. We report in this letter a relatively simple devices.
procedure to obtain high-power, in-phase operation of As reported previously,1 2 the far-field patterns of de-
wide aperture laser arrays which require only simple pro- vices with wide, deep mesas are very broad and double
cessing and a single metalorganic chemical vapor deposi- lobed. In order to determine the parameters which lead to
tion (MOCVD) growth. Index-guided laser structures the transformation from weakly lockedi out-of-phase to sta-
grown on patterned substrates'0 can be formed into high ble in-phase operation, we compared the far-field pattern of
power, wide aperture laser arrays 1

.1
2 made possible by the devices with different widths and heights of the mesas. For

Ailcorporation of a nonpiaiai active region in the form nf a the comparison, the length and the width of the devices
regular pattern of mesas and grooves to suppress lateral were kept relatively constant at 380 and 560 jim. respec-
lasing and amplified spontaneous emission. We have inves- tively. Figure 2(a) shows the far-field pattern for a non-
tigated the characteristics and, in particular. the far-field planar laser array with mesas 0.6 jim high and 3.1 am
pattern of devices with various mesa heights and widths. wide. The far-field pattern consists of two broad lobes at
By varying the width and the height of the mesas, we are approximately + 10". The full width at half maximum
able to transform the array elements from being weakly (FWHM) for each is -12" with no null at 0. These pat-
locked out of phase to being locked in phase. Conse- terns indicate that the emitters of the device are weakly
quently, we obtain a single-lobed far-field pattern from the locked out of phase In the far field of the wide (3 1 /m),
laser array. Stable, near-diffraction-limited operation is ob- shallow (0.3 Am) mesa devices we observe a reduction of
tamed to over five times threshold with more than 500 the width of the lobes as shown in Fig. 2(b). The far-field
mW/per facet of optical power for devices 150/jm wide pattern is also double lobed with a narrower FWHM
and 380 inm long. ( - 5*) for these devices and the minimum at zero is more

The laser device configuration utilized for this study is pronounced. For narrow (2 jim), shallow (0.3 jim) mesa
similar to nonplanar periodic laser arrays reported previ- devices the far-field pattern narrows to a predominantly
ously. "' The laser structure is an AIGaAs-GaAs graded single-lobed pattern. The FWHM for the main lobe is 2.2*
barrier quantum well heterostructure with a 50 k. quantum with sidemodes spaced at 5.8-6.0" as shown in Fig. 2(c)
well grown by MOCVD. The first step in forming the array By reducing the mesa width at the active region from
is wet chemical etching of a periodic pattern of mesa 3.1 to 2 jum and reducing the etch depth to only 0.3 jim.
stripes into a GaAs substrate. We have investigated devices the far-field pattern switches from being a d )uble-lobed
with shallow and deep mesas (0.3 om and 0.6 jim etch pattern to a sharply peaked single-lobed pattern as seen in
depth respectively) as well as witue and narrow mesas (3 1 Fig. 2. Limiting the number of elements to nineteen with
jim and 2 jm width at the active region, respectively). The 150/im oxide defined stripes further reduces the FWHM
center-to-center spacing between mesas was kept constant of the far-field pattern to 1.6 as shown in 'ig. 3. Although
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2 1im264 A/cm-_ and the average external efficiency is 33c-. We
obtained in-phase operation at nearly the diffraction limit
to over five times the threshold current and over 500 mW
of optical power per uncoated facet. We do not observe
significant broadenir-g of the far field with increasing in-
tensity to over 500 mW indicating that the optical mode
pattern is very stable.

To determine the dominant mechanisms for the dif-
ferent device structures discussed above, we examined the
near-field properties of the devices. As previouslN re-
ported."' two emission spots are observed on each mesa
of the wide, deep mesa devices. This characteristic ts also

I I observed tor the wide, shallow mesa and the narrow. shal-
low mesa devices. Although there is some evidence that the
emission pattern on the mesa is that of a first-order mnode. -

an alternative explanation is that a localized, fundamental
FIG I. S chemnatic and scarniz electron micrograph image ii the cross mode forms near each edge of the mesa. We have per-

~ectot f nnpana priidc asr ara rtetunpartr ctsereitit formed passive waveguide measurements on the wide, deep
inhibits lateral ,asing atid amplified sporitaneous ermision while still pro.
vidhig the ntecessairy Coupling and zain !or phase-locked iperatiott The mesa devices which support the two localized modes the-
mesa width is I rni ait the -uhstr-ate antd narrows to 2 tim at the active or-, For a TEM,,, mode beam launched into a mesa, the

regnn Te cnie-tocetierspaingbeteenmess i S ttttransmitted intensity profile consists of' two spots near the

edge of the mesa as is also observed in the near-field pro-
this is approximately four to five times the diffraction limit, files of the device when lasing. It' the mesa consists of a
itits mo~re than a factor of 15 smaller than the diffraction single waveguide. then the passive waveguide measure-
linit expected for a single element The broadening of the ments should have resulted in a single, fundamental mode
main lobe is likely due to the simultaneous operation of detected near the center of the mesa. Further evider. e
several lower order modes and incomplete locking of the supporting the two localized modes per mesa theory is a
phase over all the elements in the array which may arise recent report 11which indicates that structurally induced
due to proncessing variations across the wide device. The strain effects in AIGaAs-GaAs rib wavetzuide lasers yield
averaze threshold current density of the in-phase arrays is two localized modes, on the rtb, one nlear each edge of the
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rib. As a consequence of the proximity. the two modes are we more closely approached th. diffraction limit as ex-
expected to be phase locked; however, they may be locked pected since the intermodal discrimination should be in-
in phase or out of phase depending on which configuration %ersely proportional to the number af emitters. ' Of
has the highest gain. Previous reports' 2 on the wide, deep course, processing variations cross the device and strong
mesa devices have noted that the emission intensity be- but incomplete coupling between the mesas also contribute
tween the mesas is substantially reduced compared to the to broadening of the beam.
emission from on top of the mesas. From the near-field In summary, we have demonstrated nonplanar per-
patterns of the shallow mesa devices. strong emission in- odic laser arrays which do not require sophisticated pro-
tensity was detected between the mesas. These data indi- cessing or multiple growths but which operate with a
cate that there is greater spreding of the fields in the nearly diffraction limited single beam to over 500 mW of
shallow mesa devices compared to deep mesa devices and a optical power for devices 150 j.m wide and 380 jim long.
corresponding greater coupling between elements. The By comparing the far-field patterns of several devices in
very broad but double-lobed far-field emission pattern, which the width of the mesas and the depth of the wet
shown in Fig. 2(.a). for the wide. deep mesas indt-ates that .-hemical etch were varied, we found that reducing the
the two emission spots on the mesas are locked out of mesa width and depth transforms the devices from operat-
phase and that the coupling between the mesas is weak. ing weakly locked eut of phase to locked in phase These
The out-of-phase operation of the spots on top of the mesa devices hold great promise for use in applications such as
indicates that the region of the mesa between the emission optical recording and communication where high-pover
spots has low gain, possibly resulting from carrier diffusion single beams are necessary and where the advantages of
from the center to the edges of the mesa.' 4 The lack of minimal processing are attractive.
significant emission from the grooved region indicates that This work has been supported in part by SDIO/IST
this is also a low gain region. For this configuration the (DAAL03-69-K-0080). the Naval Research Lauoratory
out-of-phase mode will have higher gain than the in-phase (N00014-88-K-2005), and the National Science Founda-
mode. For the wide, shallow mesas the two fundamental tion Engineering Research Center for Compound Semicon-
modes on the mesas are still expected to be locked out of ductor Microelectronics (ECD .89-43166) R. P. Bran is
phase. However. for these devices there is stronger cou- supported in part by an AT&T Doctoral Fellowship.
piing between each mesa. Evidence of the coupling between
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